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Abstract
Intellectual disability (ID) is a neurodevelopmental disorder associated with many
epigenetic regulators and chromatin modifying enzymes like histone lysine methyltransferases
(KMTs) and demethylases (KDMs). Here, I systematically investigate the role of 7 KDMs:
Su(var)3-3, KDM2, Lid, CG2982, UTX, KDM4B, JHDM2, and 1 KMT: trr in the context of
learning and memory using Drosophila melanogaster. Genetic knockdown of each gene in the
mushroom body (MB) of flies are tested for short- and long-term memory impairment using
courtship conditioning. Knockdown of 6 KDMs and trr resulted in memory loss. MB morphology
was analyzed to determine potential cause of memory loss. However, no gross morphological
defects were observed following knockdown. This suggests the cause of memory loss is not due
to structural deformities to the MB but may be due to defects in memory-dependent transcriptional
activation or cell identity. These findings will help uncover the roles of KDMs in regulated
neuronal processes and Drosophila memory.
Keywords:
Drosophila melanogaster, epigenetics, memory, histone lysine demethylase (KDM), histone
lysine methyltransferase (KMT), courtship conditioning, mushroom body, intellectual disability
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Lay Summary
Intellectual disability (ID) is a neurodevelopmental disorder characterized by limited
intellectual function and adaptive behaviour before the age of 18. ID is associated with many
enzymes that regulate gene transcription. Currently, there are over 350 known dominant ID genes
with many of these associated with post-translational histone modifications (PTMs). These
modifications alter the physical structure of DNA to determine how cells “read” genes. These
PTMs have roles in defining gene expression patterns in different cell types and have also been
strongly implicated in the regulation of higher brain functions, like learning and memory. There
are many types of PTMs, one being histone methylation which is known to be dynamically
regulated in the context of learning and memory but the function of histone demethylases in the
brain is not well described. Here, I will systematically investigate the roles of several histone lysine
demethylases in the context of learning and memory using the model organism, Drosophila
melanogaster. Genetic knockdown of these genes in the memory center of the fly brain called the
mushroom body (MB), were tested for short- and long-term memory defects using courtship
conditioning. This memory assay utilizes the innate mating behaviour exhibited by males in an
attempt to copulate with an unresponsive female. A learning defect is determined if males fail to
respond to the rejection by reducing the amount of courting or a reduced memory index compared
to the corresponding control. Knockdown of several of these KDMs resulted in loss of both shortand long-term memory suggesting that these genes may play a role regulating memory dependent
pathways in the memory center of fly brains. To determine if these defects are caused by MB
defects, we also analyzed MB morphological defects following knockdown of these genes and
observed no obvious defects. Therefore, these genes do not cause a structural defect but rather may
affect neuronal – cell identity or transcriptional activation.
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Chapter 1
1 INTRODUCTION
The formation and maintenance of memory has intrigued the neuroscience community for
decades. Memory, as the basis of human behaviour, is the ability to encode, retain and retrieve
information. It allows us to learn which is the acquisition of knowledge and adapt from
environmental stimuli that we encounter in our day to day lives. Hence, deficiencies in this ability
can inhibit individuals from functioning independently in society. As such, there has been growing
interest in understanding the cellular and molecular mechanisms that underly learning and memory.

1.1 Chromatin Regulators in Intellectual Disability
Intellectual disability (ID) is a neurodevelopmental disorder that affects roughly 1- 3% of the
world population. It is characterized by significant limitations in cognitive function and adaptive
behaviour before the age of 18. Limited cognitive function is defined by an IQ of less than 70.
Limitations in adaptive behaviour are associated with deficits in conceptual, social and practical
skills used and learned by individuals to function in their day to day lives. Currently, there are over
1000 genes that have been implicated in ID. Recent advances suggest that dominant de novo
mutations are the most common cause of ID. In fact, a study found that dominant de novo copy
number variations (CNVs) and single nucleotide polymorphisms cause roughly 60% of all ID cases
while rare inherited forms of ID only account for only 2% of all cases (Gilissen et al., 2014).
Presently, there are over 450 known dominant ID genes. The cellular components that are enriched
in ID genes were assessed using Gene Ontology (GO) enrichment analysis on the known dominant
ID genes. Two main categories were identified through this analysis, chromatin regulation and
neuronal component. While it is understandable that neuronal components would play a large part
in a neurodevelopment disorder, the connection between chromatin regulation and ID is less
straight forward (Figure 1).
To begin understanding how chromatin regulators cause ID, it is important to apprehend the
basic structure of how DNA is packaged and organized. Since each cell contains roughly 2 metres
of DNA, a highly regulated and complex packaging system is required to ensure the DNA is
accessible while inside a 5 μm nucleus. As such, roughly 147 base pairs of DNA is wrapped around
a histone octamer forming a nucleosome subunit (Cutter & Hayes, 2015). These highly conserved
1
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histone octamers are composed of two H2A-H2B dimers and one H3-H4 tetramer (Luger et al.,
1997). A linker histone (H1) is used to connect the core octamers forming a structure that
resembles beads on a string (Hergeth & Schneider, 2015). Chromatin is therefore defined as a
complex formation of DNA and proteins found in eukaryotic cells (Kornberg, 1977). Chromatin
accessibility is important in regulating gene expression and plays an essential role in establishing
and maintaining cellular identity. Gene expression is dynamically regulated across the genome
based on a network of permissible physical interactions of enhancers, promoters, insulators and
chromatin-binding factors and chromatin accessibility plays an important part in this regulation
(Klemm et al., 2019).
One major mechanism that controls the accessibility of DNA is post translational
modifications (PTMs) to histone tails. These modifications are covalently bound to the exposed
amino-terminal of histone tails and can be modified to alter the charge of the histone and its binding
properties. One mark that has been an important focus in regulation of gene expression in ID is
histone methylation (Faundes et al., 2018; Kim et al., 2017). This particular PTM is dynamically
regulated by two types of enzymes, histone methyltransferase (HMT) and histone demethylase
(HDM). Indeed, several HMTs and HDMs have been implicated in ID including the following
histone lysine methyltransferases (KMTs): EHMT1, KMT2A, KMT2B, KMT2C, KMT2D, KMT2E,
KMT5B, SETD1A, SETD1B, SETD2, NSD1, EZH2, ASH1L and demethylases (KDMs): KDM1A,
KDM3B, KDM5A, KDM5B, KDM5C, KDM6A, KDM6B, PHF8 (Faundes et al., 2018; Kim et al.,
2017; Parkel et al., 2013). Some examples of ID disorders that these genes are associated with
include, the intragenic euchromatin histone methyltransferase 1 (EHMT1) mutations known to
cause Kleefstra syndrome (KS) (Kleefstra et al., 2009). Another KMT that is associated with KS
is the histone methyltransferase, KMT2C) (Koemans, Kleefstra, et al., 2017). In addition, a
truncating mutation in the KMT, NSD1, has been identified in 77% of patients with Sotos
syndrome, a disorder commonly associated with ID (Kurotaki et al., 2002). The histone lysine
demethylase, KDM6A, a known cause for Kabuki syndrome which is an ID disorder with autistic
behaviour and developmental delays (Bögershausen & Wollnik, 2013; Miyake et al., 2013),
JARID1C, also known as KDM5C, a histone lysine demethylase associated with non-syndromic
X-linked mental retardation (NS-XLMR) (Jensen et al., 2005) and finally a recent unnamed
neurodevelopmental disorder (OMIM #616728) that features facial dysmorphisms distinctive to
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ID has been linked to the very first KDM discovered, LSD1/KDM1A (Chong et al., 2016; Rauch
et al., 2012; Tunovic et al., 2014)
While there is still much to be uncovered, there is growing evidence supporting the
importance of chromatin regulation through post translational histone modifications, in particular
KMTs and KDMs, in regulating gene expression in neurodevelopmental disorders like ID. While
genetic information is largely identical in every eukaryotic cell, different cell types can have
widely different gene expression patterns. Inappropriate regulation and balance of gene expression
patterns in response to developmental and environmental changes can lead to disorders like ID.
Therefore, proper stability and dynamics in chromatin state influenced by histone modifications is
thought to be crucial for proper gene expression important in cognitive function (Mirabella et al.,
2016). While several KMTs and KDMs have been associated with ID, a large part of why ID
remains without treatment is due to our lack of understanding in the role of ID genes in cognitive
development. Many animal models have been developed to study the in vivo effects of ID genes
including the use of rats, mice and flies. Here, I look at KDMs, a relatively unexplored enzyme
that catalyzes the removal of methyl marks on histone proteins, to determine if KDMs play a role
in chromatin regulation that influences memory formation using Drosophila melanogaster.

3
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Figure 1. Gene Ontology Enrichment Analysis for Cellular Components of Dominant ID
Genes.
Gene Ontology enrichment analysis (cellular components) for the 453 dominant ID genes
(https://sysid.cmbi.umcn.nl/). GO enrichment analyses function by quantifying the annotated GO
terms on a subset of input genes, the 453 dominant ID genes in this case, and compares their
prevalence to a random sample of genes. GO terms that are over-represented in a gene set are
therefore considered enriched. Bar graph represents the top 40 most highly enriched values in
terms of cellular components. Terms relating to chromatin regulation are highlighted in purple.

1.2 Molecular Mechanisms of Memory
Learning is often considered as the early phase of information acquisition. The information
stored and then retrieved for later use is then referred to as memory. Memory can be temporally
classified into two main types, short- term memory (STM) which can be can formed after brief
training periods and long-term memory (LTM) which can be formed after longer and more
persistent training. It is commonly accepted that LTM requires gene transcription and de novo
protein synthesis while STM does not (Bourtchouladze et al., 1998; Flood et al., 1975; Igaz et al.,
2002). STM formation is thought to be associated with activation of receptors and intracellular
signaling cascades of secondary messengers (Androschuk et al., 2015). However, at the molecular
level, both STM and LTM formation in neurons occur through the cyclic adenosine
monophosphate (cAMP) pathway (Blum et al., 2009).
4
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Much of what we know now about the cellular and molecular mechanisms of associative
long-term memory started with the sea slug, Aplysia californica, and the fruit fly, Drosophila
melanogaster (Brunelli et al., 1976; Quinn & Dudai, 1976). Indeed, many learning and memory
paradigms teach approach or avoidance by pairing two individual stimuli together, a conditioned
stimulus (CS) and an unconditioned stimulus (US) (Figure 2). Significant stimulation from the
environment converge at the molecular level onto adenylyl cyclase (AC) to initiate associative
memory. In Drosophila, STM requires cAMP signaling in mushroom body g lobes (Zars et al.,
2000). The pathway is initiated when a ligand binds to cell surface G-protein coupled receptors
(GPCR). The binding of the ligand subsequently releases the a subunit of the G protein (Gas) that
encodes a GTPase that hydrolyzes GTP to GDP. The a subunit is then free to interact with
rutabaga (rut) adenylyl cyclase. This interaction is terminated when the a subunit hydrolyzes GTP
to GDP. Interestingly, constitutive activation of Gas in intrinsic neurons of the MB produces
learning and memory defects in Drosophila (Connolly et al., 1996). Gas modulates cAMP
signaling by activating AC. However, adenyl cyclase is also dependent on Ca2+/ calmodulin to
regulate cAMP levels. An influx of Ca2+ into neurons occurs when glutamate binds to NMDAand AMPA-type receptors. The Ca2+ in the neuron will then bind to the secondary messenger,
calmodulin, leading to the activation of AC and therefore increased cAMP synthesis. The cAMP
secondary messenger then activates Protein Kinase A (PKA), which is an enzyme that
phosphorylates protein targets found downstream of the pathway. STM is thought to involve
elevations in PKA activity which in turn impacts trafficking and PTMs of synaptic proteins and
ion channels (Blum et al., 2009). Homeostasis of cAMP production is maintained by the activity
of cAMP phosphodiesterases (PDE) encoded by dunce, which degrades cAMP into adenosine
monophosphate (AMP) (Dudai et al., 1976; Livingstone et al., 1984).
Like STM, LTM also requires cAMP driven PKA activity, however it requires longer
bursts of PKA activity than STM (Müller, 2000). For robust LTM formation, extended PKA
activity is required (T. Tully et al., 1994). The longer PKA activity can then phosphorylate the
cAMP responsive element binding protein (CREB) in the nucleus to induce transcription which is
required for LTM formation (Bourtchuladze et al., 1994). To initiate transcription, the transcription
factor, CREB, binds to cAMP responsive element (CRE) and recruits a number of coactivators
including CREB-binding protein (CBP). This binding protein is a histone acetyltransferase which
highlights the importance of epigenetics in memory (Hirano et al., 2016). Although CREB is well
5
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understood as a transcription factor involved in LTM regulation it is not the only transcription
factor that is activated by learning (Alberini, 2009). A recent study has found that following
courtship conditioning, the MB of trained male flies upregulates many genes that are involved in
LTM formation (Jones et al., 2018). With that being said, there is still a great deal to uncover about
how the process of memory is initiated and maintained especially in terms of transcriptional
regulation required for memory formation.

Figure 2. Molecular Mechanisms of Drosophila Short- and Long-Term Associative
Memory.
A simplified diagram depicting the mechanisms of short- and long-term associative memory with
a particular focus placed on the cAMP signaling pathway. Signals from the environment,
unconditioned stimulus (US) and conditioned stimulus (CS), are required to initiate associative
memory. Activation of rutabaga adenylyl cyclase begins with a ligand binding (L) to cell surface
GPCR and an influx of Ca2+ binding to calmodulin. Once intracellular cAMP is high enough,
protein kinase A (PKA) will be activated. Dunce encoded phosphodiesterase (PDE) prevents
cAMP accumulation and thus PKA inactivation. STM formation requires phosphorylation of ion
channels mediated by active PKA. LTM formation requires consistent activation of PKA to the
nucleus to induce transcription by phosphorylating cAMP responsive element binding protein
(CREB).
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1.3 Mechanisms of Histone Methylation and Demethylation
Histone methylation is largely considered to be a stable mark and is highly site specific,
meaning that distinct HMTs modify a single residue often to a certain degree of methylation
(Soares et al., 2017). The stability of this histone methylation is mostly due to the high
thermodynamic stability of the N-CH3 bond in addition to its relatively long half-life. Unlike other
histone modifications that influence net charge of the residue they modify, histone methylation
works by acting as a recognition site for effector proteins that can change the chromatin
environment between repressive and active transcription (Taverna et al., 2007). This change is
dependent on the number of methyl groups on the specific residue. Histone methylation is
mediated by histone methyltransferases and these marks are removed by histone demethylases.
While there are two other residues reported, arginine and histidine methylation, the focus of this
thesis will be on the methylation of lysine residues (Greer & Shi, 2012). Histone lysine
methyltransferases can be subdivided into two domains, the SET [suppressor of position-effect
variegation 3-9 (Su(var)3-9), enhancer of the eye colour mutant zeste (En(zeste)), and the homeotic
gene regulator Trithorax] containing domain and non-SET containing domain (Black et al., 2012;
Cheng, 2014). Lysine residues can be unmethylated, mono- (me1), di- (me2), or tri-methylated
(me3) on their e amine group. Methylation on lysine residues use S-Adenosyl methionine (SAM)
as a cofactor and methyl donor group (Black et al., 2012). Indeed, many studies have shown that
histone lysine methyltransferases tend to have a high degree of enzymatic specificity, for example
KMT1A/B tri-methylates histone 3 lysine 9 (H3K9me3) from a monomethylated state (H3K9me1)
(Peters et al., 2002). On the other hand, KMT1C (also known as G9a) methylates to a di-methylate
(H3K9me2) preferentially from a mono-methylated state (Tachibana et al., 2002).
It wasn’t until 2004 when the first histone lysine demethylase, Lysine Specific Demethylase
1 (LSD1) was discovered (Shi et al., 2004). With the initial discovery of LSD1, decades of debate
over the reversibility of histone methylation ended and our understanding of the homeostatic
regulation of histone methylation began. Since then, over 20 different KDMs have been identified
and characterized (Table 1). The LSD family was the first to be discovered and contains a flavin
adenine dinucleotide (FAD) monoamine oxidase domain that demethylates H3K4me2 and
H3K4me1 (Yujiang Shi et al., 2004). Therefore, LSD1/KDM1A is only able to demethylate mono(me1) and di-methylated (me2) lysine residues. The demethylase works by oxidative cleavage of
7
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the a-carbon bond of the methylated lysine to form an imine intermediate that will then hydrolyze
to form formaldehyde, releasing the demethylated lysine as well as one molecule of H2O2 (Yujiang
Shi et al., 2004). LSD1 is comprised of SWIRM (derived from Swi3p, Rsc8p, and Moira) and
nicotinamide adenine dinucleotide – binding (NAD-binding) domains (Chen et al., 2006; Tochio
et al., 2006). Since the LSD family is unable to demethylate tri-methylated lysine residues,
researchers began to look for other classes of HDMs and discovered the evolutionarily conserved
protein group known as the Jumonji (JmjC) family (Klose et al., 2006). Indeed, it has been
suggested that the JmjC histone demethylases favour trimethylated substrates (Cloos et al., 2008).
The JmjC domain is used to catalyze demethylation through the oxidative methyl groups. The
JmjC demethylases rely on a-ketoglutarate, O2 and Fe(II) as cofactors for demethylation (Yang
Shi & Whetstine, 2007). Similarly, to KMTs, KDMs also display high specificity for both the site
and degree of methylation. For example, KDM4A-KDM4D can remove H3K9me3/H3K9me2,
H3k36me3/H3K36me2, and H1.4K26me3/H1.4K26me2 but are unable to remove H3K9me1 or
H3K36me1 (Cloos et al., 2008; Klose et al., 2006; Trojer et al., 2009; Whetstine et al., 2006).

1.4 Biology of Histone Lysine Methylation
The dynamic process of histone methylation requires proper function of both histone
methyltransferase and demethylase. The importance of these marks in chromatin regulation is
highlighted by the fact that these enzymatic products are highly conserved (Table 1). One
particular example is methylation of H3K4. This specific modification is catalyzed by a highly
conserved complex called the COMPASS (Complex Proteins Associated with Set1) complex
(Miller et al., 2001). The SET domain genes are a highly conserved gene family that encodes
proteins with chromatin based transcriptional activities that have been uncovered from yeast to
humans. Initial discovery in yeast identified only one COMPASS H3K4 methyltransferase, Set1
(Nislow et al., 1997). In Drosophila, the COMPASS complex is divided into three family
members, dSet1/ COMPASS which is the direct descendent of the yeast Set1 complex and two
COMPASS-like complexes, Trithorax (trx) and Trithorax-related-containing (trr) complex
(Mohan et al., 2011). Mammals, with higher corresponding complexity have six COMPASS
family members, KMT2A, KMT2B (homologs of trx), KMT2C, KMT2D (homologs of trr) and
KMT2E and KMT2F (homologs of dSet1) (Collins et al., 2019). All of these enzymes are
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responsible for H3K4 mono-, di- and trimethylation with non-redundant functions (Shilatifard,
2012). While H3K4 is generally considered an active mark the degree of H3K4 methylation also
corresponds with different activities. For example, H3K4me1 is most abundant toward the end of
genes (Pokholok et al., 2005) and enhancers (Rada-Iglesias, 2018), H3K4me2 is enriched in
intragenic regions and can also mark enhancer regions (He et al., 2010), and finally H3K4me3 is
highly enriched near the transcription start site (TSS) of active genes (Barski et al., 2007). Another
well studied mark is H3K9 which is commonly considered a repressive mark, specifically
H3K9me2/me3. This is due to their colocalization with heterochromatin and enrichment at inactive
genes (Hathaway et al., 2012; Peters et al., 2002). While, H3K9 methylation has been implicated
in gene silencing, a large-scale analysis found that H3K9me3 is enriched in many active promoters
(Squazzo et al., 2006). Finally, H3K27 methylation has been traditionally considered to be a
repressive mark however genomic studies found that H3K27me3 can colocalize with H3K4me3
at bivalent promoters which drive low expression levels (Bernstein et al., 2006). In addition, recent
studies in Drosophila mutants show that H3K27 methylation is essential for Polycomb-mediated
gene repression (Pengelly et al., 2013). In some cases, histone methylation may also play a role in
nucleosome stability as well as a regulatory function. In fact, some studies suggest that
transcriptional regulation is not the primary role of some HMTs like H3K36 methyltransferase
Set2 (Lenstra et al., 2011). For example, in gene bodies, H3K36me3 associates with the
chromodomain protein Eaf3 found in the conserved Rpd3S lysine deacetylase complex. In yeast,
deletion of Eaf3 or the H3K36 methyltransferase Set2 increases histone acetylation in gene bodies.
This suggests that H3K36me3 is responsible for recruitment of Rpd3S to gene bodies but was later
shown that loss of H3K26me3 or Eaf3 chromodomain protein does not affect Rpd3S localization
suggesting that H3K36me3 played a role in regulating the catalytic activity of Rpd3S instead
(Carrozza et al., 2005; Joshi & Struhl, 2005; Keogh et al., 2005; B. Li et al., 2007)
Amongst the various other histone modifications, methyl marks have been implicated in many
roles in development and pathological processes due to their stability (Barski et al., 2007).
Cognitive ability and disorders like ID are thought to result from changes in brain transcriptomes.
Histone modification patterns provide insight on chromatin state and thus gene transcription which
are important in cognitive function. Generally, H3K4, H3K36 and H3K79 methylations are
considered to correspond with active transcription, whereas H3K9, H3K27 and H4K20
methylations are thought to be associated with repressed transcription (Black et al., 2012). These
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genome-wide analyses provide insight on how histone modifications and other genomic elements
are regulated and serve as a foundation for future research in genome structure and function as
well as help better understand the role of chromatin regulators.
Table 1. Conservation of Histone Lysine Demethylases from Drosophila to Humans.
Histone
Demethylase
Activity
H3K4

Drosophila KDM

Predicted
Substrates

Su(var)3-3
Kdm2

KDM1A/LSD1
KDM2A, KDM2B

H3K4me1/2
H3K4me3,
H3K36me1/2

Lid

KDM5A, KDM5B, KDM5C,
KDM5D
NO66, MINA53
KDM4A, KDM4B, KDM4C,
KDM4D, KDM4E
KDM4A, KDM4B, KDM4C,
KDM4D, KDM4E
KDM3A, KDM3B, KDM3C
KDM6A, KDM6B, UTY
Jarid2

H3K4me2/3

NO66 (CG2982)
KDM4A
H3K9
KDM4B
H3K27

Human KDM Ortholog

JHDM2/ KDM3
UTX
Jarid2

H3K4me2/3
H3K9me2/3,
H3K36me2/3
H3K9me2/3,
H3K36me2/3
H3K9me2
H3K27me2/3
No histone
demethylase activity
(Sanulli et al., 2015).

1.5 Histone Methylation and Demethylation in Neurons
A critical component of neuronal function is the dynamic regulation of transcription by
chromatin regulation (Borrelli et al., 2008). Through environmental stimuli, neurons continuously
adapt their gene expression patterns making them a good substrate to study the function of
chromatin regulators like HMTs and HDMs (Swahari & West, 2019). Indeed, several HMTs and
HDMs have been studied in neuronal function and have found crucial roles in development, cell
fate and disease. Although the function of these enzymes is not limited to neurons, it will be the
main focus of this thesis. Whilst methylation is largely considered a stable mark, a study looking
at acute and chronic stress suggested that methyl marks may be subject to rapid change. Acute and
chronic stress were able to influence changes in H3K9me3 and H3K27me3 in the hippocampus
highlighting an effect of chromatin modifications in normal cognitive processes (Hunter et al.,
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2009). Studies in mice found that neuronal ablation of the H3K4 methyltransferase,
KMT2A/Mixed-lineage leukemia 1 (Mll1) in the postnatal forebrain and adult prefrontal cortex
neurons in mice is associated with increase anxiety, cognitive deficits and locomotor dysfunction
(Jakovcevski et al., 2015). Another study looking at mice lacking the KMT2B/MLL2 gene in adult
forebrain neurons found deficits in STM and LTM (Kerimoglu et al., 2013). Another study looking
at rats found deficieny in MLL1 displayed memory defects in contextual fear conditioning (Gupta
et al., 2010). In humans, mutations in KMT2A and KMT2B are associated with Weidmann-Steiner
syndrome and Dystonia 28, respectively, and both disorders are associated with ID (Collins et al.,
2019). One particular mark, H3K4me3, near gene promoters has been correlated with high levels
of transcriptional activity (Barski et al., 2007, Santos-Rosa et al., 2002). In fact, several studies
have looked at H3K4me3 as a regulator of memory formation (Collins et al., 2019). Therefore, it
isn’t surprising that all of the known H3K4 methyltransferases and 4/6 H3K4 demethylases have
been associated with impaired cognitive function (Collins et al., 2019). In fact, several KDMs have
gene regulatory functions in neurons including LSD1/KDM1A, KDM6B and KDM5C (Swahari &
West, 2019). In adult mice, loss of LSD1/ KDM1A resulted in paralysis, widespread neuronal death
in the hippocampus and cortex as well as learning and memory defects (Christopher et al., 2017).
Memory in the adult mice were assessed using the Morris water maze and fear conditioning assays
prior to the onset of motor defects (Christopher et al., 2017). This suggests that continuous
expression of LSD1 in adult mice brains are required for the maintenance of proper neuronal
function. Mutations in LSD1’s demethylase function in human brain development has been
associated with ID (Pilotto et al., 2016). The results of this study found three missense point
mutations mapped on LSD1 associated with a variety of pathological conditions including
neurological disorders like ID (Pilotto et al., 2016). Another KDM that has shown to play an
important role in neuronal function is KDM6B. Specifically, KDM6B acts in postmitotic neurons
to regulate synaptic function. Loss of KDM6B function resulted in impaired late upregulation of
GABA and glutamate receptors upon synaptic function (Wijayatunge et al., 2018). Finally, familial
mutations in KDM5C has been identified as one of the more frequent causes of X-linked ID (XLID)
(Jensen et al., 2005). KDM5C knockout mice offer a model to study the neurological effects of
KDM5C disruption since the model exhibits many cognitive and social abnormalities seen in
patients with the mutation. At a cellular level, neurons of the knockout mice have dendritic
branching defects (Iwase et al., 2016). In addition, studies looking at KDM5C knockout mice found
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an upregulation of a large set of genes suggesting that KDM5C acts as a transcriptional repressor
(Iwase et al., 2016; Scandaglia et al., 2017). While most ID-associated mutations in KDM5C
disrupt the enzymatic function, a point mutation was identified that neither disrupts protein
stability or enzymatic function suggesting a non-histone demethylase function of KDM5C that
contributes to brain development (Vallianatos et al., 2018). These are just a few studies
highlighting the importance of histone methyltransferases and demethylases in cellular
development and function. While the function of these enzymes remains to be fully explored it is
important to understand the roles these enzymes play in neurons to help develop therapeutics for
disorders like ID.

1.6 Drosophila as a Model to Study Learning and Memory
The fruit fly, Drosophila melanogaster, has been used as a model organism in genetic
research for over a century beginning in 1901 with William Castle but undoubtedly “fathered” by
T.H. Morgan in 1910 with his discovery of the white eyed fly (Morgan, 1910). Research using
Drosophila is aided by a wide variety of sophisticated genetic and molecular tools available to the
fly community. In comparison to the human genome, the fly genome is considerably smaller and
is comprised of four chromosomes that encode around 120 million base pairs of DNA. Despite the
large difference in genome size, approximately 75% of human disease genes are conserved in the
fly (Reiter et al., 2001). Despite the divergence between humans and flies, the molecular
mechanisms that underly learning and memory are conserved between the two. In addition, model
organisms like the fly allow researchers to use reverse and forward genetics to provide insight
between the link of gene mutation and cognitive phenotypes in a simpler model than humans. In
fact, many genes that were first characterized in Drosophila have subsequently been identified and
studied in higher order mammals like mice and humans. Initial olfactory conditioning assays by
Seymour Benzer revealed the capacity of Drosophila memory by associating certain odours with
foot shock punishment (Benzer, 1967). Benzer used forward genetics to investigate various
behaviours like learning by inducing mutations in flies and then screening individuals for
phenotypes (Benzer, 1967). Several genes have been identified for abnormal olfactory learning
including dunce (Dudai et al., 1976) and amnesiac (Quinn & Dudai, 1976). Many genes that
regulate memory were first elucidated in these genetic screens using Drosophila. This includes
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many memory related genes like rutabaga a gene that encodes adenylyl cyclase and dunce a gene
that encodes a cAMP-specific phosphodiesterase (Akalal et al., 2006; Tim Tully, 1996). Several
paradigms have since been developed to study learning and memory in flies including aversive
shock conditioning, appetitive olfactory conditioning and courtship conditioning (Pitman et al.,
2009). These memory assays can be used as a phenotype to understand the genetic connection
between cognition and certain cellular and molecular components. Indeed, many individuals with
ID often have impaired memory making this intellectual ability a good behaviour to study.
Furthermore, research using Drosophila offers a number of practical advantages including
relatively low costs, short life cycles that roughly take ten to twelve days, and a sizable number of
progeny per female thus making it easy to generate large numbers for an experimental approach
(Jennings, 2011).

1.6.1 Histone Methylation and Demethylation in Drosophila
melanogaster
Most studies that have been mentioned have involved humans or model organisms like rats
and mice when studying histone methyltransferase and demethylase dysfunction in the brain.
However, there are several other model organisms like the fruit fly that have been used to study
chromatin regulators and neuronal function. Flies offer a small and robust model to study the
functions of these chromatin regulators in post mitotic neurons. Furthermore, many of the cellular
pathways that are important for learning and memory formation are conserved from flies to
humans. For example, the Drosophila euchromatin histone methyltransferase (EHMT) is a
conserved protein family that is responsible for the methylation of H3K9. Mutations in EHMT1
has been known to cause Kleefstra Syndrome, a severe form of ID (Kramer et al., 2011). Another
study in flies has identified that loss of lid, the fly ortholog for KDM5C, cause cognitive defects
and reveals a role for this enzymatic function in gene activation (Zamurrad et al., 2018). Another
study in flies has identified several JmjC mutants, including NO66 and KDM2, play a role in
modulating circadian rhythm (Shalaby et al., 2018). This finding suggests that rather than a
developmental role, JmjC proteins like many KDMs, function as regulators of behaviour (Shalaby
et al., 2018). These are just a few studies to highlight the importance of using fruit flies to study
the in vivo effects of chromatin regulators like KMTs and KDMs.
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1.6.2 The Mushroom Body
The olfactory learning and memory center of the Drosophila brain is found in a pair of
symmetrical neuropil structures called the mushroom body (MB) (Heisenberg, 2003). These
neuropil structures are comprised approximately 2500 densely packed intrinsic neurons called
Kenyon cells (KC) (Johard et al., 2008). Several studies have shown evidence that the MB is
critical for olfactory learning and memory (De Belle & Heisenberg, 1994; Heisenberg et al., 1985).
In addition, many genes known to be important for olfactory learning and memory has shown to
be preferentially expressed in the MB (Crittenden et al., 1998). In fact, many components of the
CREB-pathway like rutabaga adenylyl cyclase has shown elevated levels in the MB (Han et al.,
1992). The mushroom body receives olfactory information from the environment through the
antennal lobe which then gets relayed to the calyx of the MB. The dendrites of the KC project into
the calyx and axons through the peduncles into the central brain to form three different subtypes
of five distinct lobes, a, b, a’, b’, and g lobes (Aso et al., 2009; T. Lee et al., 1999). These lobes
are considered to be the main output site of the KC. Throughout development, the MB neuroblasts
continually divide to give rise to the 3 major classes of MB neurons (a/b, a’/b’, and g) (Kurusu et
al., 2002). The different MB neurons arise in sequential order beginning with the g neurons. During
the late embryonic and early larval stages of development, the g neurons project their axons in both
the dorsal and medial directions (Lee et al., 1999). Formation of the a’/b’ neurons follows at the
late larval stage and finally the a/b form during the pupal stage (Lee et al., 1999). The MB presents
a very prominent display of structural plasticity and continues to morph during development as
shown by the pruning of the g neurons back to the peduncle followed by the re-extension of their
axons into the medial lobe during the pupal stage (Lee et al., 1999).
It is widely accepted that proper MB development is critical for proper olfactory learning
and memory to occur (Heisenberg et al., 1985). In fact, different MB neurons could be supporting
diverse functions by distinct transcriptional profiles found in the different MB neurons subtypes
(Shih et al., 2019). Current research shows that the a/b neurons play a distinct role in LTM
formation and are important for memory retrieval (Akalal et al., 2006; Huang et al., 2012). Indeed,
an investigation on a mutant called a-lobe absent (ala), flies that lacked either an a or b lobes,
found that when both a-lobes were missing flies lacked LTM at 24 hours (Pascual & Préat, 2001).
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In addition, the a’/b’ lobes are required for memory stabilization in aversive and appetitive odour
memory (Krashes et al., 2007) and to retrieve immediate memory (Wang et al., 2008). The g lobes
are thought to represent the main neuronal substrate for STM primarily supported by the fact that
transgenic expression of rut+ in the g lobes is able to rescue learning defects of rutabaga mutants
(Zars et al., 2000). Therefore, looking at the broad phenotypic characterization using mushroom
body specific transgenic techniques can be a starting point for understanding whether or not KDMs
are important for MB development in post-mitotic neurons.

1.6.3 Courtship Conditioning as a Learning and Memory Paradigm
Courtship conditioning is a memory assay that is used in behavioural analysis. Utilizing a
natural Drosophila behaviour, courtship conditioning allows for ethological observation in a
laboratory setting (Kamyshev et al., 1999; Siegel & Hall, 1979). The assay utilizes successive
training and functional learning and memory with previously mated females (PMF) to suppressed
courting attempts from the males when paired with subsequent females. Males that have
successfully learned maintain suppressed courtship attempts for hours to days depending on the
length of training and the persistence of neuronal circuit activity. Research utilizing this assay has
found that the MB is required for courtship memory and that MB ablation result in STM and LTM
impairment (McBride et al., 1999). In fact, a study found that courtship conditioning not only
requires the MB but also uses neuronal circuitry similar to those seen in appetitive memory
(Keleman et al., 2012; Montague & Baker, 2016; Zhao et al., 2018).
Most learning and memory paradigms teach approach or avoidance by pairing two
individual stimuli, for example, a classical conditioning experiment pairing an odour with an
electric shock (Malik & Hodge, 2014). However, courtship conditioning utilizes a natural stimulus,
another fly, to teach a complex form of learning through reduced courtship. In courtship
conditioning, researchers observe innate male courtship behaviour through a number of easily
identifiable moves including orientation towards the female, chasing the female, taping the female,
extension of one of his wings and attempting copulation (Koemans, Oppitz, et al., 2017;
Sokolowski Marla B., 2001). However, when males are paired with a previously mated female
(PMF) the female is unresponsive to the courting attempts and will subsequently reject the male
flies’ courtship efforts. In addition, a pheromone called cis-vaccenyl acetate (cVA) gets deposited
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on the female during copulation which inhibits other males from exhibiting courtship behaviour
towards the PMF (Billeter & Levine, 2015; Koemans, Oppitz, et al., 2017).
Courtship conditioning is used to measure the time spent courting and compares this time
between a trained male fly to a socially naïve male fly. This is used to quantify the capacity of the
trained fly to learn and form memories of rejection and therefore suppress courting when being
tested. By altering the duration of training and subsequent isolated rest period, courtship can be
used to study both STM and LTM. Flies with dysfunctional memory will be unable to suppress
courting behaviour and will continually court new PMFs despite previous training.

1.7 Rationale and Objective
A wide range of human disorders has been associated with the misregulation, mutation,
amplification and deletion of histone modifications including many that affect cognitive function
like ID (Black & Whetstine, 2013; Cloos et al., 2008). Although several KDMs and KMTs have
already been implicated in the etiology of ID, the in vivo effects of these genes are not well
characterized.
Previous studies in our lab has identified a role for individual components of the SWI/SNF
complex, a chromatin remodeling complex, in Drosophila learning and memory. Specifically,
Brm, Bap60, Snr1 and E(y)3 are required for STM and LTM while osa was only required for LTM
(Chubak et al., 2019). Furthermore, the study revealed that certain SWI/SNF components are
required for axon pruning of the mushroom body g lobes during g neuron remodeling. GO analysis
also revealed that the SWI/SNF complex is the most over-represented cellular component
disrupted when it comes to ID (Figure 1). Another study in our lab found that the H3K4 histone
methyltransferase, trx, was only required for long-term memory in flies (Raun, 2019). While other
components like Set1 are required in both short- and long-term memory (Raun, 2019). Further
research on H3K4 methyltransferases found that knockdown of trr resulted in STM loss however
the LTM effects have yet to be studied (Koemans et al., 2017). Moreover, the H3K9
methyltransferase, G9a, was found to regulate habituation which is a form of non-associative
memory and is required in courtship memory (Kramer et al., 2011). Through these studies we have
gained novel insight into chromatin regulators and how they function in Drosophila memory.
Since it is established that histone marks like H3K4 and H3K9 can be dynamically regulated in
the brain through KMTs and KDMs we decided to conduct a broad screen on KDMs to determine
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how they may mediate gene regulation in post-mitotic neuronal development and function.
Considering the high level of conservation between human and flies in terms of KDMs, KMTs,
and the conserved molecular mechanism of memory formation the results from this research
should be broadly applicable to understanding memory biology. We rationalize that
As such, I used Drosophila melanogaster to investigate the role of 7 different KDMs and
1 KMT in their functional role in associative memory in the MB. The overall goal of this project
is to use Drosophila melanogaster as a model organism to screen KDMs for potential effects on
MB development and courtship memory. I hypothesize that some KDMs will be required to
regulate Drosophila courtship memory since brain function is dynamically regulated and many
KMTs have been associated with regulation of brain function. In this research project, I aimed to:
1) Use a systematic genetic knockdown in the MB for individual Drosophila KDMs to
establish a role in short- and long-term memory using courtship conditioning
2) Determine if knockdowns of the KDMs affect gross MB morphology
This study is the first to investigate the roles of Drosophila KDMs and trr in post-mitotic neurons
in a brain region relevant to memory formation. Therefore, this project will help further expand on
the role of these KDMs and trr in memory and to help guide future research.
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Chapter 2
2 METHODS
2.1 Fly Husbandry and Stocks
All fly stocks were maintained over a standard mixture of sugar, cornmeal, yeast and agar
media at room temperature in 35mL plastic vials. All experimental flies were reared at 25°C and
70% humidity with a 12-hour light-dark cycle. Fly stocks used were either obtained from
Bloomington Drosophila Stock Center (BDSC) (Bloomington, IN, USA) (Perkins et al., 2015) or
Vienna Drosophila Resource Center (VDRC) (Vienna, Austria) (Dietzl et al., 2007). Female flies
used for courtship conditioning were generated using Canton-S and Oregon-R mixed genetic
background by J.M. Kramer.
Inducible RNAi knockdown flies obtained from BDSC were generated through the Transgenic
RNAi Project (TRiP) by inserting the hairpin RNA using a VALIUM (Vermilion-AttB-LoxPIntron-UAS-MCS) 1, 10, or 20 vector into the genomic landing site attp40 (chromosome 2) or
attp2 (chromosome 3). TRiP lines utilizing the 1st generation VALIUM 1 and 10 vectors result in
a long hairpin RNA which required co-expression of UAS-Dicer-2 to increase knockdown
efficiency (Dietzl et al., 2007). Lines generated using 2nd generation VALIUM 20 utilize short
hairpin RNA molecules and include a combination of second and third chromosome transgenes.
The VDRC lines used were obtained from two different genetic libraries, KK and GD. The KK
library from VDRC was generated using the φC31 mediated site-directed recombination at the
VIE-260B landing site on the second chromosome (Green et al., 2014). The GD genetic library
from VDRC was generated using a random P-element insertion (Dietzl et al., 2007).
All controls used in the experiment had the same genetic background as their respective
transgenic RNAi constructs but without the P-element or transformation vector insertion. The
exception to this is TRiP lines that used VALIUM20 insertions. Controls for the RNAi TRiP lines
with VALIUM20 insertions used a hairpin stock targeting mCherry (mCherry-RNAi) instead of
the attP2 genetic background stock due to the presence of scutoid [sc*] which is found on the
VALIUM20 RNAi stocks’ X chromosome. Experimental flies from different RNAi lines and
appropriate controls were crossed to flies from the same GAL4 driver stock therefore all
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knockdown flies had the same genetic background as their respective controls. A list of all fly
stocks used alongside a brief description can be found in (Appendix A).

2.2 Mushroom Body-Specific Knockdown of KDMs using the GAL4UAS System
All experimental flies were reared at 25°C and 70% humidity with a 12-hour light-dark cycle.
Knockdown of KDMs in the mushroom body (MB) was achieved using the GAL4-UAS system
to induce RNA interference (RNAi) mediated knockdown. This bipartite system utilizes GAL4, a
yeast transcription factor, that activates expressions of genes under the control of an Upstream
Activating Sequence (UAS) enhancer (Brand & Perrimon, 1993). The GAL4-UAS system allows
for tissue-specific gene expression to target knockdown in the learning and memory center of the
fly brain. In addition, to focus on the learning and memory aspect of this experiment, the learning
and memory part of the brain should be the only part affected. Therefore, knockdown was
restricted to the MB using the transgenic R14H06-GAL4 “driver” construct which expresses GAL4
under the MB specific enhancer fragment from the rutabaga gene (Jenett et al., 2012).
To generate knockdown flies, homozygous male R14H06-GAL4 (BL48667) “driver” flies
were crossed with virgin homozygous female “responder” flies expressing UAS-RNAi sequences
specific to a Drosophila KDM mRNA transcript as well as their corresponding controls (Figure 4)
(Table 2). Gal4 induces expression of hairpin RNA (hpRNA) in the progeny of the parental crosses
which then get processed into small interfering RNAs (siRNAs) by Dicer-2 triggering the
formation of the RNA-induced silencing complex (RISC) to direct sequence-specific degradation
of the target mRNA which results in knockdown of our gene of interest. Two types of hairpin
transcripts can be transcribed, short and long hpRNA. While endogenous Dicer-2 is sufficiently
effective at processing short-hairpin RNA, long-hairpin RNAi libraries (TRiP’s VALIUM 1
VALIUM10 collections and VDRC’s GD and KK libraries) required co expression of UAS-Dicer2.
Only the F1 heterozygous males from the R14H06-GAL4 and UAS-RNAi crosses were collected
and isolated at eclosion for 4 days before being used for courtship conditioning.
MB-specific knockdown of KDMs was conducted using at least two different RNAi stocks
targeting the same genes but with different target sequences. The exception to this was JHDM2
and NO66 which displayed difficulty collecting male progeny for memory testing in one of the
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lines used. When possible, different transgenic libraries were chosen to control for possible offtarget effects and differences in genetic backgrounds.

Figure 3. The GAL4-UAS system allows for mushroom body specific knockdown of KDM
gene expression.
MB-specific driver, R14H06-GAL4, drives expression of RNAi constructs under the control of
Upstream Activation Sequence enhancer. Homozygous male R14H06-GAL4 drivers are crossed
to homozygous UAS-RNAi female flies. Progeny of the cross result in heterozygous flies that
have enabled GAL4/UAS binding and expression of our gene of interest in the mushroom body.
The RNAi pathway is initiated by Dicer-2 which cleaves dsRNA into siRNA. The antisense
strand of the siRNA binds to the RISC complex that guides the complex to the target mRNA to
initiate target mRNA degradation.
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Table 2. List of control and sample KDM knockdown genotypes used in both MB-specific knockdown.
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2.3 Validation of RNAi Knockdown
RNAi efficiency was assessed using a lethality assay where we measured the survival of flies
by means of ubiquitous KD of target genes using Act5C-GAL4 driver. This simple phenotypic test
allows us to compare ubiquitous knockdown to lethality observed in null mutations. Three
biological replicate crosses were made between the heterozygous driver, Act5C-GAL4/CyO and
the homozygous UAS-RNAi transgenes at 25°C and 70% humidity with a 12-hour light-dark cycle.
Virgin female Act5C-Gal4/CyO were crossed with male UAS-RNAi flies (Table 2). From this
crossing scheme, half of the progeny are expected to receive Act5C-GAL4 and UAS-RNAi
transgenes while the other half is expected to have the CyO balancer chromosome which contains
a dominant marker for curly wings and the UAS-RNAi transgenes. The CyO marker is therefore a
visual indicator that there is no Act-Gal4 transgene in that particular fly. The proportion of total
flies observed without the CyO marker would therefore indicate survival of the Actin5C-GAL4
driven expression of the RNAi transgene. Therefore, survival percentage was calculated by (%
survival = ). Calculations were performed independently for both females and males, in addition
to cumulatively. Deviations from expected survival percentage were determined using an unpaired
t-test.
In addition to the lethality assay, real time quantitative polymerase chain reaction (RT-qPCR)
was performed to determine RNAi knockdown efficiency by looking at the gene expression levels
in KD samples (Appendix B). Since RNAi-mediated knockdown can vary considerably between
various RNAi lines, the phenotypic effects can also be inconsistent for different RNAi lines that
target the same gene. Protocol for qPCR was performed as previously described (Mainland et al.,
2017). All experiments were performed on standard media and kept at 25°C and 70% humidity
with a 12-hour light-dark cycle. Third instar larvae were collected from crosses made from the
RNAi stocks crossed with a UAS-Act-GAL4/CyO-ActGFP driver. Three biological replicates
consisting of 10 larvae per biological replicate of each genotype were collected, flash frozen, and
stored in -80°C freezer. For each biological replicate, three technical replicates were conducted.
Relative expression was normalized to two reference genes, βCOP and eIF2Bγ. One-tailed t-tests
were performed to determine if there was a significant reduction in mRNA levels compared to
UAS-mCherry-RNAi control. Finally, a literature search was conducted to establish RNAi lines
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that have been used in previous studies. These three methods were considered when selecting
RNAi lines for courtship conditioning and morphology analysis.

2.4 Memory Assay using Courtship Conditioning
Courtship conditioning was used to test for short- and long-term memory (STM and LTM)
deficiency and was performed as previously described (Koemans, Oppitz, et al., 2017). Genetic
crosses were made as indicated in (Table 1). F1 male knockdown flies were collected and isolated
for four days in individual wells of a 96-well block that contained 500 μL of fly media in each
well. In courtship conditioning, a male fly is paired with a previously mated female (PMF) fly who
will continually reject the male fly’s courting attempts. Male flies with no learning or memory
defect will remember the rejection and demonstrate reduced courting attempts with a different
PMF after initial training. Male flies with memory deficiencies do not remember rejection and
therefore do not show reduced courting. All male subjects were transferred using gentle aspiration
to mitigate any extrinsic stress caused by transferring and knocking out flies using CO2 (Colinet &
Renault, 2012). With the exception of the initial collection of male flies’ post eclosion, CO2 is not
used on subjects in the assay. For STM, the F1 4-day old males are separated into two cohorts,
naïve and trained. Male flies in the trained cohort are individually paired with a 4-day old PMF in
a new 96-well block with media and trained for one hour. Following training, the male and female
flies are separated, and the male fly is gently aspirated into a new well and allowed to rest in
isolation for an hour. Once the isolation period is complete, male flies from the trained and naïve
cohorts are individually tested and paired with new PMFs. Individual male flies and PMFs are
placed in a specially designed mating chamber that contain eighteen 1 cm diameter mating circles,
allowing 18 fly pairs to be tested simultaneously. Courtship behaviour was recorded with a digital
camera for 10 minutes and 29 seconds. The additional 29 seconds was included to allow the flies
to acclimate to their new environment but was not included as part of the testing phase. To test for
LTM, the training period is extended to 7-8 hours for the male trained cohort followed by an
isolated rest period of 20-24 hours. Standard experiments are conducted on three consecutive days
which allowed for a maximum of 54 pairs of flies per genotype and training conditioning to be
tested.
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2.4.1 Statistical Analysis of Courtship Conditioning Assay
Quantification of courtship behaviour required manual observation and scoring. These
behaviours include male orientation towards the female, male following the female, male wing
“tapping”, male “licking” of female genitalia and attempted copulation (Koemans, Oppitz, et al.,
2017). A courtship index (CI) was calculated for each male-female pair by determining the time
the male spent courting the female over a 10-minute period. The CI is the proportion of time spent
displaying courtship behaviour during a 10-minute testing period. Once the CI is obtained for both
naïve and trained cohorts, a memory index (MI) can be calculated based on the following formula:
MI = ((CInaïve-CItrained)/ CInaïve). Statistically, memory deficiency can be identified in one of two
ways. First, a comparison within a genotype comparing the CI between both naïve and trained
cohorts to determine if there is a reduction in mean courtship activity. Second, a comparison
between genotypes comparing the MI of the KD genotype and its respective control. Statistical
analysis of each genotype’s CI was compared using a one-tailed Mann-Whitney test on GraphPad
Prism v.7.03. A significant reduction (P > 0.05) between the two cohorts’ CIs is an indication that
the genotype has retained the memory of the training event and subsequently reduced their courting
behaviour (Figure 4A). Alternatively, when analyzing the MI between genotypes, a randomization
test (random sampling with replacement, 10 000 replicates) was performed using a custom
bootstrapping R script (Koemans, Oppitz, et al., 2017) to compare MIs of knockdown to control
flies (Figure 4B). A significant reduction in MI (P<0.05) between the control and KD genotypes
indicates some level of memory deficiency was caused by the knockdown. Box and whisker graphs
were made using GraphPad Prism v.7.03 with whiskers showing values in the 10-90th percentiles.
It is important to note that a significant reduction in CI can appear in some cases indicating memory
retention in knockdown flies, a memory phenotype may still be present when compared to their
respective genetic controls. These two tests are independent and as such, are both sufficient to
define memory defect in this study.

2.5 Brain Dissections and Confocal Microscopy
Male and female adult fly brains were assessed for gross MB morphology by examining
individual brains with R14H06-directed GFP expression. Visualization of the MB was made
possible through standard genetic techniques to combine R14H06-GAL4 driver with UAS25
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mCD8::GFP to allow for MB specific visualization. Crosses for knockdown experiments utilizing
short hairpin RNAi constructs were made using males from the driver line with the genotype
w1118;

P{UAS-mCD8::GFP.L}LL5,

P{UAS-mCD8::GFP.L}2)/CyO;

P{GMR14H06-

GAL4}attP2)/TM6 crossed with homozygous virgin females with the UAS-RNAi transgene.
Similarly to crosses made for courtship conditioning, RNAi constructs that utilized long hairpin
RNA molecules required co-expression of Dicer-2 to achieve optimal knockdown. Therefore,
knockdown experiments using long hairpin RNAi used males with the genotype w1118; P{UASDcr-2.D}2/CyO;

P{GMR14H06-GAL4}attP2),

P{UAS-mCD8::GFP.L}LL6/TM6.

Prior

to

eclosion of F1 progeny, parents were removed and newly eclosed adult flies were removed and
aged for five days like flies used in courtship experiments. The brains of both male and female
adult flies were dissected in 1X phosphate buffered saline (PBS) (pH 7.2) and then fixed with 4%
paraformaldehyde (PFA) for 40 minutes at room temperature. Brains were then mounted in
Vectashield (Vector Laboratories) and imaged using a Zeiss LSM800 confocal laser scanning
microscope with Airyscan. Confocal z-slices were analyzed using ZEN and processed using
ImageJ software (Fiji) (Schindelin et al., 2012). Images were scanned using 25X zoom to capture
the MB within the Drosophila brain. Intervals of each frame should equal to/or less than the
thickness of the section thickness, z-stacks varied in size depending on the size of brain as well as
mounting procedure.
Scoring and classification of MB phenotypes were based on previously established
phenotypes identified in the lab by M. Chubak (Chubak et al., 2018). While there is a high degree
of natural variation in the size of the Drosophila MB, confocal stacks were qualitatively assessed
for gross morphological defects. Previously, four distinct MB phenotypes were observed following
knockdown of SWI/SNF subunits, including missing α and β lobes, crossing of β-lobe fibers over
the midline, extra dorsal projections and stunted γ-lobes. Knockdown brains were qualitatively
compared to their respective genetic background controls.
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Chapter 3
3 RESULTS
3.1 Analysis of Memory in Controls Flies
RNAi stocks from different libraries have different genetic backgrounds that the RNAi
transgene gets inserted into (Dietzl et al., 2007; Ni et al., 2008, 2011; Perkins et al., 2015). The
controls used for courtship conditioning have the same genetic background but without the RNAi
construct insertion. The exception to this is the mCherry-RNAi control which contains an RNAi
construct targeting the mCherry fluorescent protein that has no effect on endogenous Drosophila
genes (Ni et al., 2011; Perkins et al., 2015).
Short- and long-term memory courtship analysis was performed on the five genetic
controls used (Figure 4A-B). Each of the five control genotypes, mCherry, attP2, attP40, GD and
KK, demonstrated significant reduction of CI between naïve and trained flies in both short- and
long-term memory. This indicates that the training session was effective and that the trained cohort
was able to reduce their courting attempts during the testing phase. The MI for each of the control
groups ranged from MIkk = 0.2899 to MIattP40 = 0.1455 for STM and MImCherry = 0.2323 to MIattP40
= 0.0831. While a reduction in courtship can be observed indicating learning occurred, the MIs are
slightly lower than reported MIs found in the (Chubak et al., 2018; Keleman et al., 2012). No
apparent morphological defects were observed in control MB images (Figure 4C). GFP expression
is strongest in g lobes and weaker a/b lobes. Proper development of the MB is required for proper
learning and courtship memory to occur. Therefore, we analyzed gross MB morphology to
determine if KD of KDMs caused any observable structural defects.
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Figure 4. Analysis of genetic controls used in courtship conditioning and MB gross
morphology.
(A) Boxplots show distribution of Courtship Indices (CI) for naïve (N) and trained (T) control
male flies tested in short- term memory and long-term memory. Male flies are generated through
crossing of control UAS-RNAi flies to R14H06-GAL4 driver flies. Mean CI represented by (+).
Mann-Whitney Test used to compare CInaïve to CItrained flies within each genotype. Total flies
tested listed in the (n=) row. (B) Grey bars representing Memory Index (MI) calculated from CIs.
The control genotype is listed below each bar (C) Confocal projections analyzing gross
morphology of genetic controls used in courtship conditioning. UAS-mCD8::GFP was used for
visualization of MB. Natural variation in MB sizes but no apparent defects observed to general
a, b or g lobe structure. Qualitative observation was used to determine if MB had structural
deformities.
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3.2 MB-Specific KD of H3K4 Demethylases
3.2.1 Knockdown of Su(var)3-3 in the MB Impairs Short- and LongTerm Memory
To assess the role of LSD1 in neurons we studied the Drosophila ortholog, su(var)3-3.
Homozygous mutations of this gene result in sex dependent lethality in male flies (Stefano et al.,
2008). Therefore, lethality assay using the ubiquitous driver Act-Gal4 was only considered for
males. The results show lethality in 2/3 lines used and reduced viability in the other line (v106147)
(Table 3). However, no further experimentation was conducted on BL33726 despite showing
reduced mRNA expression due to difficulty collecting flies for experimentation. Through a
literature review, publications using BL32853 and BL36867 found positive phenotypes as a result
of knockdown of these RNAi lines (Jafari & Alenius, 2020 (preprint)); Lee & Spradling, 2014).
With these factors in consideration, BL32853 and BL36837 were selected and used in courtship
conditioning and MB morphology analysis.
Knockdown of su(var)3-3 in 1/2 lines resulted in reduced courtship (p = 0.0013) after 1
hour of training (Figure 5A). This is an indication that learning occurred in the RNAi line BL36867.
However, when compared to the control, both RNAi lines display a downward trend of reduced
memory in comparison to the control, mCherry (Figure 5B). In terms of LTM, after 7-8 hours of
training both RNAi lines showed no significant reduction in courtship signifying that the flies did
not learn. However, when compared to the control there is no significant difference between the
knockdown and control. This could be explained by the low number of tested flies since the power
of this statistical analysis decreases in cohorts with fewer flies. Despite that, there is still a
downward trend in memory retention in knockdown flies suggesting that su(var)3-3 is required in
both STM and LTM. Here we observed that a stronger reduction in MI was associated with the
more potent RNAi line. In addition, low courtship indices were also observed in the more potent
line, BL32853, in both naïve and trained flies. No major morphological defects were observed in
both RNAi lines suggesting that the cause of memory loss is in the knockdown of su(var)3-3 is
not due to structural deformities to the MB (Figure 5C).
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Figure 5. Su(var)3-3 is required in the MB for Short- and Long-Term Memory
(A) Boxplots show distribution of Courtship Indices (CI) for naïve (N) and trained (T) male flies
in STM and LTM. Mean CI represented by (+). Mann-Whitney Test used to compare CInaïve to
CItrained flies within each genotype. Number of flies tested listed in the (n=) row. (B) Bar graph
representing Memory Index (MI) calculated from CIs. Grey bars represent control and purple
bars represent Su(var)3-3 KD (C) Confocal projections analyzing gross morphology of the MB
where KD occurred. UAS-mCD8::GFP was used for visualization of MB. No morphological
defect was observed following KD. Scale bars: 50 µm.
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3.2.2 Knockdown of KDM2 in the MB Impairs Short- and Long-Term
Memory
The second KDM that was analyzed is KDM2. The effect of KDM2 in Drosophila viability is
controversial (Lagarou et al., 2008; L. Li et al., 2010; Zheng et al., 2014). However, the most recent
study looking at this gene has reported that KDM2 is not required for fly viability (Liu et al., 2016).
Here we observed that ubiquitous knockdown of KDM2 using Act-Gal4 did not affect the survival
of the flies (Table 3). A literature review found knockdown of BL33699, BL31360 and v31402
resulted in reduced mRNA expression (Kavi & Birchler, 2009; Liu et al., 2016). With those factors
in consideration, BL31360 and v31402 were selected since they are from different libraries and
consistent phenotypes observed can control for off-target effects and differences in genetic
background. BL31360 was selected over BL33699 since a greater reduction in mRNA expression
was observed in the qRT-PCR analysis performed by Liu et al.
One way a learning defect can be determined is by looking within genotype between the
naïve and trained cohorts. In the case for both STM and LTM, no significant difference was
observed between the two cohorts which suggests that there is a learning deficiency in KDM2 KD
flies. However, the randomization test found mixed results. This could be due to the variability of
the data set which can occur in behavioural assays. As a caveat of the data set, the low MI observed
in the STM test for 60000 and 36303dcr in LTM could explain that despite a downward trend of
memory retention in the KD flies, when compared to the control, no significance was observed.
Finally, no major morphological defects were observed suggesting that KD of KDM2 does not
affect the overall structure of the MB.
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Figure 6. KDM2 is required in the MB for Short- and Long-Term Memory
(A) Boxplot distribution of CIs for each condition, (N) for naïve and (T) for trained. Total
number of flies represented on the n = row below the x-axis. Mean CI represented by (+). MannWhitney test for statistical difference between each cohort. Exact P-values indicated above
boxplots. (B) Bar graphs showing MI derived from CIs. Randomization test used to compare
between KD and controls. Exact P-values above. Grey bars represent control while purple bars
represent KDM2 KD (C) Confocal images of KDM2 knockdown in the MB show no visible
structural defects. Scale bars: 50 µm
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3.2.3 Knockdown of Lid in the MB Impairs Short- and Long-Term
Memory
One of the more well studied KDMs is Lid. Mutations in its human ortholog, specifically
KDM5A, KDM5B and KDM5C, are found in patients with ID. This implicates a potential role for
KDM5 in the regulation of transcription in development or activity in neuronal tissues (Vallianatos
& Iwase, 2015). Here we use the Drosophila ortholog as a model to better understand the link
between mutations in the KDM5 family proteins and cognitive defects. Null mutations in Lid result
in semi-lethality which means that less than 50% of the mutant progeny survive (Shalaby et al.,
2017). Lethality assay using Act-GAL4 observed semi-lethality in 2/4 lines tested, specifically
BL28944 (19.75 ± 2.41 p = 0.0343) and v103830 (17.65 ± 3.89, p = 0.001) (Table 3). Through a
literature review, we found that the RNAi line, v103830 was able to recapitulate phenotypes
observed in knockout Lid flies (Pinzón et al., 2017). A second study observed significant reduction
in mRNA expression using BL28944 and v103830 (Liu et al., 2016). BL28944 and v103830 was
selected and used in courtship conditioning and MB morphology analysis.
Short-term memory analysis of the two selected RNAi lines found that there was no significant
reduction between naïve and trained flies indicating that flies did not learn (Figure 7A). The
randomization test between genotypes found a downward trend in KD flies. In LTM, courtship
activity was not significantly reduced in BL28944 but was reduced in v103830 (Figure 7B). A
downward trend in the memory index was observed in both lines. Furthermore, there were no
observable MB morphological defects observed following knockdown of Lid in post-mitotic MB
neurons (Figure 7C).
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Figure 7. Lid is required in the MB for Short- and Long-Term Memory
(A) Boxplot distribution of CIs for each condition, (N) for naïve and (T) for trained. Total
number of flies represented below the x-axis on the n = row. Mann-Whitney test for statistical
difference between each cohort. Exact P-values indicated above boxplots. (B) Bar graph
represents MI derived from CIs. Randomization test used to compare between KD and controls.
Exact P-values above. Grey bars represent appropriate controls to the KD shown in purple. (C)
Confocal images of Lid knockdown in the MB. Scale bars: 50 µm
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3.2.4 Knockdown of NO66 in the MB Impairs Short and Long-Term
Memory
The final H3K4 demethylase that we studied is NO66 (CG2982). Null mutation of NO66
does not affect fly viability (Shalaby et al., 2017). As such, no lethality was expected when
ubiquitously knockdown occurred using the Act-GAL4 driver. Here we observe that knockdown
of BL33596 and v107819 do not affect fly viability (Table 3). Due to difficulty maintaining
BL33596 no further research was conducted on the line. However, a literature review found
positive phenotypes that recapitulated phenotypes observed in null mutants using v107819 (Pinzón
et al., 2017). Only one RNAi line was therefore tested since no other viable stocks were available
on BDSC or VDRC.
Following training in both STM and LTM, male flies that have a NO66 knockdown did not
show a significant reduction in courtship suggesting that learning did not occur (Figure 8A). From
the CI, the MI was calculated for each genotype and compared to determine if there was a
difference between genotypes. A significant decrease was observed in STM (p = 0.0002) but not
in LTM (p = 0.293) (Figure 8B). Subsequently, we aimed to determine whether these effects were
caused by MB development defects and analyzed gross MB morphology. Confocal imaging of
individual knockdown brains found no visible morphological defects (Figure 8C).
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Figure 8. NO66 is required in the MB for Short- and Long-Term Memory
(A) Boxplot distribution of CIs for each cohort, (N) for naïve and (T) for trained. Total number
of flies represented on the n = row below the x-axis. Mann-Whitney test for statistical difference
between each cohort. Exact P-values indicated above boxplots. (B) Bar graphs represent MI
derived from CIs. Randomization test used to compare between KD and controls. Exact P-values
above. Grey bars represent corresponding control to the purple bars that symbolize NO66 KD
(C) Confocal images of NO66 knockdown in the MB. Scale bars: 50 µm
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3.3 MB specific KD of H3K9 Demethylases
Only 2/3 of the H3K9 demethylases were studied since the lethality assay used on the available
TRiP line for KDM4A (BL34629) was completely lethal (Table 3). Null mutations of individual
H3K9 demethylases do not affect viability, therefore this line was excluded since there were offtarget effects that were affecting fly viability (Shalaby et al., 2017).

3.3.1 KDM4B is not required in the MB for Short- and Long-Term
Memory
As previously mentioned, KDM4B is a H3K9 demethylase that does not affect fly viability
(Shalaby et al., 2017). Lethality assay found no effect on fly survival following ubiquitous
knockdown of KDM4B in both lines tested (Table 3). A literature review found positive and
consistent phenotypes in knockdown of both BL35676 and BL57721 (Jafari and Alenius, 2020
(preprint)).
No significant loss of short- term memory was observed following knockdown of KDM4B.
This is shown by the significant reduction in courtship between naïve and trained flies and no
significant difference between the MI of knockdown and control genotypes (Figure 9A-B).
However, knockdown of BL57721 had no significant decrease between naïve and trained flies in
the LTM test. This could be due to the relatively low numbers of flies tested (Figure 9A). Since
no memory phenotype was observed, MB morphology was not analyzed.
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Figure 9. KDM4B is not required in the MB for Short- and Long-Term Memory.
(A) Boxplot distribution of CIs for each cohort, (N) for naïve and (T) for trained. Total number
of flies represented on the n = row below the x-axis. Mann-Whitney test for statistical difference
between each cohort. Exact P-values indicated above boxplots. (B) MI derived from CIs.
Randomization test used to compare between KD and controls. Exact P-values above. Grey bars
represent appropriate control to the KD which is shown in orange.

38

39

3.3.2 Knockdown of JHDM2 in the MB Impairs Short- and Long-Term
Memory
To investigate the role of JHDM2 and MB courtship memory we began by testing the
viability of ubiquitous knockdown of JHDM2 and compared it with known literature. Our results
are consistent with published work (Table 3) (Shalaby et al., 2017). Both RNAi lines have been
used in previous publications and have found positive phenotypes (Pinzón et al., 2017; Park et al.,
2019). Experimentation on BL3295 was challenging due to inadequate number of flies collected
from the line therefore only BL58264 was used.
In both STM and LTM courtship assays no reduction in courting activity was observed
between naïve and trained flies in the knockdown cohorts. This suggests that learning did not occur
in KD flies (Figure 10A). When compared to the respective control, mCherry, there is a downward
trend where KD flies have a lower MI than the control in both STM (p = 0.0502) and LTM (p =
0.014) (Figure 10B). Following courtship conditioning, MB morphology was analyzed, and no
major morphological defects were observed (Figure 10C).
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Figure 10. JHDM2 is required in the MB for Short- and Long-Term Memory.
(A) Boxplot distribution of CIs for each cohort, (N) for naïve and (T) for trained. Total number
of flies represented on the n = row below the x-axis. Mann-Whitney test for statistical difference
between each cohort. Exact P-values indicated above boxplots. (B) Bar graphs depict MI derived
from CIs. Randomization test used to compare between KD and controls. Exact P-values above.
Grey bars represent control that are compared to JHDM2 KD shown in yellow. (C) Confocal
images of JHDM2 knockdown in the MB. Scale bars: 50 µm
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3.4 MB specific KD of H3K27 Demethylase
Null mutants of the following H3K27 demethylases, Jarid2 and UTX, are known to affect fly
viability and indeed cause complete lethality (Shalaby et al., 2017). However, following ubiquitous
knockdown of Jarid2, both RNAi lines that were available did not affect fly viability and thus this
gene was not further studied (Table 3).

3.4.1 Knockdown of UTX in the MB Impairs Short- and Long-Term
Memory
The final KDM we investigated in this screen is UTX. Null mutations of this gene are
known to cause complete lethality in mutants. Therefore, any deviations using the ubiquitous
driver Act-GAL4 were eliminated during our RNAi selection process. There was complete or
almost complete reduction in survival seen in 3/4 UTX RNAi lines tested (Table 3). It should be
noted that the transgene for the RNAi line v37446 is inserted in chromosome 1, the sex
chromosome. Since male UAS-RNAi flies were crossed to female Act5C-Gal4/CyO flies, none of
the F1 male flies had our gene of interest and were therefore excluded in the lethality assay. A
literature review found consistent and positive phenotypes following knockdown of BL34076
(Gervais et al., 2019) and v37664 (Katz et al., 2014). Therefore, v37664 was chosen based on
complete lethality and BL34076 was chosen over v37663 since they are from a different library
than v37664. Consistent phenotypes observed from different genetic libraries can control for any
potential off-target effects.
Following courtship conditioning experimentation, both BL34076 and v37664 resulted in
no significant change between naïve and trained flies in both short- and long-term memory assays
(Figure 11A). A downward trend in the MIs can be observed in both knockdowns, however, only
BL34076 is significantly different from its respective control, mCherry (Figure 11B). While no
significant change in MI was observed in v37664, this could be attributed to the low MIs of the
controls and the variability of the data set (Figure 11B). Following courtship conditioning, MB
morphology was analyzed and similarly to other KDM KDs, no visible defects to the MB was
observed (Figure 11C).
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Figure 11. UTX is required in the MB for Short- and Long-Term Memory.
(A) Boxplot distribution of CIs for each cohort, (N) for naïve and (T) for trained. Total number
of flies represented on the n = row below the x-axis. Mann-Whitney test for statistical difference
between each cohort. Exact P-values indicated above boxplots. (B) Bar graphs show MI derived
from CIs. Randomization test used to compare between KD and controls. Exact P-values above.
Grey bars represent corresponding controls used for each UTX KD. (C) Confocal images of UTX
knockdown in the MB. Scale bars: 50 µm
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3.5 Knockdown of trr in the MB Impairs Short- and Long-Term Memory
Previous studies in the lab found a role for trr in short- term memory, however LTM was
not tested (Koemans, Kleefstra, et al., 2017). The Trithorax related complex is a COMPASS like
complex that mediates H3K4 methylation as well as H3K27 demethylation through UTX. In
addition, UTX displayed memory deficiency in both short- and long-term memory after MBspecific knockdown. Therefore, we decided to test whether or not this effect extended to the
COMPASS complex. Previous studies in our lab has validated significant knockdown with 2/3
lines trr lines used, specifically BL36916 and BL29563 (Mainland et al., 2017). We decided to
continue experimentation on v110276 since null mutations of trr affect fly viability and
knockdown from all three lines caused complete lethality (Table 3).
A significant loss of both STM and LTM was observed following knockdown of trr in the
MB. Three out of three RNAi lines used resulted in no significant reduction in courtship in both
short- and long-term memory tests (Figure 12A). When compared to their respective controls, a
significant reduction in MI was observed in three out of three RNAi lines used (Figure 12B).
Finally, no gross morphological defects were observed upon knockdown of trr (Figure 12C).
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Figure 12. trr is required in the MB for Short- and Long-Term Memory.
(A) Boxplot distribution of CIs for each cohort, (N) for naïve and (T) for trained. Total number
of flies represented on the n = row below the x-axis. Mann-Whitney test for statistical difference
between each cohort. Exact P-values indicated above boxplots. (B) MI derived from CIs.
Randomization test used to compare between KD and controls. Exact P-values above. Grey bars
represent appropriate controls to the blue bars that signify trr KD. (C) Confocal images of trr
knockdown in the MB. Scale bars: 50 µm
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Table 3. Lethality assay RNAi efficiency of KDM RNAi stocks.
% survival ± SE for all RNAi lines tested. Significant changes in survival between ActGAL4/UAS-RNAi and CyO/ UAS-RNAi were determined with an unpaired t-test. Flies were
reared at 25°C at 70% humidity with a 12-hour light-dark cycle.

Controls

H3K4

Gene
mCherry

Stock #
35785

Survival (% ± SE)
n
84.1 ± 10.6
186

p-value
0.6581

attP2
attP40
GD
KK
Su(var)3-3

36303
36304
v60000
v60100
32852
36867
v106147
28944
v103830
v42203
v42204
v31402
31360
33699
33596
v107819
34629
35676
57721
58264
32975
34076
v37664
v37663
v105986
32891
26184
29563
36916
v110276

140.9 ± 9.25
120.75 ± 20.8
153.06 ± 23.8
106.12 ± 12.12
6.25 ± 3.559
2 ± 1.795
53.84 ± 4.643
19.75 ± 2.41
17.65 ± 3.89
109.3 ± 17.8
126.39 ± 7.36
161.72 ± 23.6
145.67 ± 42.9
177.61 ± 8.055
118.75 ± 19.6
225 ± 18.67
0
94.87 ± 10.67
132.07 ± 37.4
50.34 ± 3.44
209.76 ± 46.8
11.8 ± 4.37
0
9.37 ± 7.54
32.26 ± 9.67
102 ± 9.3
94.28 ± 24.57
0
0
0

0.194
0.6669
0.109
0.2983
0.0135
0.0036
0.4375
0.0343
0.001
0.619
0.009
0.1694
0.176
0.0978
0.5158
0.0118
0.0019
0.6675
0.5154
0.0049
0.0246
0.0004
0.0003
0.0403
0.004
0.8933
0.8190
0.0004
0.0004
0.0042

lid

KDM2

H3K9

NO66
(CG2982)
KDM4A
KDM4B
JHDM2

H3K27

UTX

Jarid2
trr
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159
117
124
101
223
167
141
97
80
180
163
212
199
186
70
117
240
228
123
218
127
180
176
35
82
101
68
84
98
41
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3.6 Summary of Objective 1: Relative Memory Index of KDMs and trr
The first objective of this project was to screen KDMs and test whether or not they play a role
in Drosophila learning and memory. The results are summarized as a relative MI to its respective
control (Figure 13). We observed that knockdown of 6/7 KDMs resulted in memory loss either by
no reduction in CI between trained and naïve flies or a reduction in MI compared to its genetic
control. These results suggest that H3K4 demethylases is required in the MB for short- and longterm memory. Furthermore, knockdown of only one H3K9 demethylase was found to affect
Drosophila memory. With that being said, a much stronger phenotype was observed following
knockdown of the H3K4 methyltransferase, trr (Figure 14). Utilizing both methods, within
genotype comparison and between genotype comparison, to determine if a memory defect is
present, we found that trr is required in the MB for both short- and long-term memory.
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Figure 13. Relative Memory Index for Short- and Long-Term Courtship Memory
Following Knockdown of KDMs.
Bar graphs represent relative MI to respective controls of each RNAi used in courtship
conditioning (MIknockdown/ MIcontrol) for both short- (A) and long-term (B) memory. Pounds (#)
present no significant reduction between naïve and trained male flies within a genotype due to
training (Mann-Whitney test, p > 0.05). Asterisks (*) are an indication of significant reduction in
MI compared to their respective controls (randomization test, p < 0.05)
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Figure 14. Relative Memory Index of trr on Short- and Long-Term Courtship Memory.
Relative MI represented in bar graph to respective controls of each RNAi used in courtship
conditioning (MIknockdown/ MIcontrol) for both short- (A) and long-term (B) memory. Pounds (#)
represents no significant reduction between naïve and trained male flies within a genotype due to
training (Mann-Whitney test, p > 0.05). Asterisks (*) are an indication of significant reduction in
MI compared to their respective controls (randomization test, p < 0.05)
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Chapter 4
4 DISCUSSION
In this study, I screened several KDMs to determine if they had a role in Drosophila
development or function of MB neurons. The results of this project found that 6/7 demethylases
tested caused a loss of short- and long-term courtship memory (Figure 13). A strong memory loss
was observed in the MB-specific knockdown of UTX and trr (Figure 13-14). Both of these genes
are found in the COMPASS complex which has established roles in memory. Additionally, MBspecific knockdown of these genes did not cause any notable qualitative phenotypes providing
evidence that the cause of the memory phenotypes observed in courtship conditioning are not due
to structural defects in the mushroom body.

4.1 H3K4 Methylation and Demethylation Plays a Critical Role in
Drosophila Memory
This study demonstrated that MB-specific knockdown of H3K4 demethylase, Su(var)3-3,
KDM2, lid and NO66, caused a loss of short- and long-term courtship memory. Previous studies
have shown that 4/6 human H3K4 demethylases are associated with impaired cognitive function
(Collins et al., 2019). With that being said, it remains unclear as to what role H3K4 demethylases
plays in cognitive function. However, many studies have established that H3K4 methylation is an
important regulatory element of memory formation. Memory experimentations with rats have
demonstrated that there was a significant increase in H3K4me3 observed following fear
conditioning when compared to naïve animal cohorts (Gupta et al., 2010). Histone methylation is
a dynamic process and loss of methyltransferase or demethylase activity can result in a decrease
or increase in overall H3K4 methylation levels. Therefore, as an important regulatory mechanism
of chromatin plasticity, is it often hypothesized to be a critical player in memory formation
(Kerimoglu et al., 2013).
One of the more well studied H3K4 demethylases is lid and its human ortholog, KDM5C. In
addition to removing H3K4me3, lid, also has two other domains that recognize the methylation
status of the lysine residue. The C-terminal PHD motif binds to H3K4me2/3 while the N-terminal
PHD recognizes when the lysine residue is unmethylated (Lloret-llinares et al., 2008). Lid has been
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shown to affect transcription in a demethylase-dependent manner and thus can activate or repress
gene transcription (Zamurrad et al., 2018). At promoter regions, lid can affect transcription by
demethylating H3K4me3 which is a hallmark of transcriptionally active genes (Johansson et al.,
2014). In humans, KDM5A, KDM5B and KDM5C are found in patients with ID. This implicates a
role for KDM5 in the development or activity of neuronal tissues (Vallianatos & Iwase, 2015). In
line with results found in this study, they found a learning and memory defect in lid mutants
without affecting the MB neuronal morphology. RNA sequencing in this study found mild changes
to gene expression observed in mutant flies. This suggests that lid acts by fine tuning expression
of multiple genes within memory pathways (Zamurrad et al., 2018).
Another interesting H3K4 KDM is Su(var)3-3 and its human ortholog, LSD1. Initial studies
of Su(var)3-3 mutations found it is involved in the suppression of heterochromatic gene silencing
and removal of histone marks by Su(var)3-3 is a prerequisite for subsequent heterochromatin
formation by H3K9 methylation (Rudolph et al., 2007). Another study found that there is interplay
between two of the H3K4 demethylases, Su(var)3-3 and lid. The study found that while mutations
in lid cause an increase in H3K4 methylation levels, it also suppresses Su(var)3-3 mutant
phenotypes (Stefano et al., 2008). Finally, Su(var)3-3 and its downstream targets are involved in
a wide variety of biological function including embryonic development (Rudolph et al., 2007) and
neurogenesis (J. Wang et al., 2015).
Finally, a study on several JmjC genes including lid, KDM2, NO66 found that these genes
function to regulate sleep and circadian rhythm (Shalaby et al., 2018). Specifically, lid displayed
high levels of arrhythmicity, KDM2 showed a subtle shortening of the circadian period length and
NO66 mutants exhibited reduced sleep and increased activity phenotype (Shalaby et al., 2018).
Therefore, KDMs may function as regulators of behaviour rather than play a role in development
since null mutations do not affect viability. In addition, no major morphological defect was
observed in the MB in this study which is another indication that these genes are not essential in
development. While the contribution of histone methylation and demethylation is appreciated in
the formation of memory, the mechanism behind these enzymes remain unclear.
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4.2 The H3K9 Demethylases
4.2.1 KDM4A and KDM4B are Biologically Redundant
While this study did not find any conclusive evidence that H3K9 demethylases play a role in
Drosophila courtship memory we cannot be certain that these genes do not play a role in regulating
behaviour. Previous studies have identified that loss of one KDM4 family member is not sufficient
to affect histone methylation (Wilson & Krieg, 2019). Flies homozygous for loss-of-function
mutations in either KDM4A or KDM4B are viable, fertile and have normal gross morphology
(Tsurumi et al., 2013). However, when a KDM4A and KDM4B double mutant was created, the
mutants were not viable and were lethal at the larval stage. The lethality was rescued following
Act-Gal4 driven expression of KDM4A. In addition, KDM4A and KDM4B double mutants had
significantly smaller and more condensed nuclei in their brains at the second instar stage. This is
an indication of chromatin compaction which is consistent with loss of H3K9 demethylation. This
led researchers to believe that proper H3K9 demethylation requires at least one function copy of
either KDM4A or KDM4B (Tsurumi et al., 2013). This suggests that KDM4A and KDM4B are
biologically redundant and could possibly explain why there was no loss of memory observed
following knockdown of KDM4B ((Katoh & Katoh, 2004; Lloret-llinares et al., 2008). Another
possibility to explain why there was no loss of memory could be due to insufficient knockdown
observed (Figure 9C).
Previous studies have identified interactions between KDM4A, a gene that we did not look at,
and the ecdysone signaling pathway. The study shows that Drosophila KDM4A and KDM4B are
essential for mediating ecdysteroid hormone signaling during larval development (Tsurumi et al.,
2013). Ecdysone is a steroidal hormone that controls the molting of insects and arthropods. The
ecdysone signaling pathway is critical in various developmental events in flies like molting and
metamorphosis (Truman & Riddiford, 2002). In addition, there is evidence to suggest that
ecdysone plays a critical role in regulation of Drosophila behaviour, including courtship memory
(Ishimoto et al., 2009). It still remains unclear how KDM4A affects the ecdysone signaling
pathway, whether it is a direct downstream target of the ecdysone receptor or a secondary effect
through regulation of other crucial transcription factors (Tsurumi et al., 2013). Therefore, while
the results of this study did not find any conclusive evidence to suggest that H3K9 demethylases
play a role in memory it could be due to biological redundancy in the genes. It should be noted
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that reports of KDM4A mutants have shown to display abnormal courtship behaviour which could
affect future memory studies using courtship conditioning as a memory assay (Tsurumi et al.,
2013).

4.2.2 JHDM2 Regulates Behaviour in the Nervous System
The JmjC domain-containing histone demethylase 2, JHDM2, is homologous to the
mammalian KDM3 demethylase. Knockdown of JHDM2 was found to play a role in both shortand long-term memory but had no effect on MB morphology (Figure 10). This enzyme has the
ability to demethylate H3K9me1 and H3K9me2 (Yamane et al., 2006). This differs from KDM4A
and KDM4B which demethylates H3K9me2 and H3K9me3 (Hyun et al., 2017). Furthermore,
overexpression or depletion of JHDM2 has demonstrated to have activity against H3K9
methylation. Indeed, JHDM2 associates with H3K9M nucleosomes and overexpression in
Drosophila resulted in not only a loss of H3K9 methylation but also heterochromatic silencing
defects (Herz et al., 2014). In the study looking at sleep and circadian rhythm, knockout KDM3
mutants exhibited high levels of arrhythmicity. This is an indication that JHDM2 may play a role
in regulating behaviour (Shalaby et al., 2018). Another study found that knockout of KDM3
enhances ethanol sensitivity in Drosophila which is another indication that this gene has an effect
on the nervous system in regulating behavioural responses ((Pinzón et al., 2017)

4.3 UTX and trr Plays a Critical Role in Drosophila memory
In this study, MB-specific knockdown of UTX caused loss of both short- and long-term
memory (Figure 11). While mutations in the human ortholog of UTX, KDM6A, is a recognized ID
gene known to cause Kabuki Syndrome (Van Laarhoven et al., 2015), the mechanism remains
unclear. Interestingly, UTX is the only KDM that is part of a complex. In Drosophila, the
COMPASS, “Complex of Proteins Associated with Set1” complex is responsible for mono-, diand trimethylation of H3K4. Initially identified in yeast, Drosophila express three Set1 homologs,
dSet1, Trithorax (trx) and Trithorax-related (trr). UTX is an additional component associated with
trr to help direct the enzyme’s specificity for certain genomic regions (Collins et al., 2019). In line
with previous research conducted on the effects of trr on Drosophila memory (Koemans,
Kleefstra, et al., 2017), our results from this study found a strong memory loss following MB52
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specific knockdown of trr (Figure 12). These defects may be a result of changes in cell type
specific transcriptional profile of the MB or perhaps memory-dependent transcriptional activation
(Koemans et al., 2017).
It is still unclear as to why UTX is the only demethylase found in a methyltransferase complex.
However, we understand that active enhancers are typically marked with H3K4me1 and H3K27
acetylation, allowing them to be distinguished from inactive enhancers (Creyghton et al., 2010).
In Drosophila, H3K27ac is catalyzed by a CREB-binding protein (CBP)-related enzyme. Since
lysine residues cannot be modified by both methylation and acetylation simultaneously, it has been
suggested that the histone demethylase, UTX, can facilitate in CBP-mediated H3K27 acetylation
through the ability to remove methyl groups from H3K27 (Tie et al., 2012). Therefore, the physical
association between UTX and trr supports a model where removal of a repressive mark and the
simultaneous deposition of an active mark can lead to activation of a target gene (Agger et al.,
2007).
Several studies have identified a role in H3K4 methylation in learning and memory. In fact,
dysregulation of H3K4 methylation is associated with a variety of neurodevelopmental disorders
including ID, autism spectrum disorder, schizophrenia spectrum, substance-related and additive
disorders (Collins et al., 2019). For further characterization of the mechanistic role of Drosophila
trr and UTX, future studies should look at the genes that are up-and down-regulated in response to
knockdown using RNA-sequencing (Koemans et al., 2017).

4.4 Limitations
RNAi is a commonly used tool to effectively study gene function. Despite pre-screening of
lines used; RNAi genetic studies are limited due to their potential off-target effects of siRNAs as
well as insufficient target gene knockdown. The assay also does not provide any information about
the overall expression level of the protein following knockdown. Ideally, at least 2 RNAi lines
were used and sourced from different transgenic libraries to prevent false positives from occurring.
To better quantify the effectiveness of RNAi knockdown, future studies should strive to measure
protein levels using Western blotting. While mRNA expression of RNAi lines was analyzed, it is
important to remember that mRNA levels do not always equate to protein levels (Fortelny et al.,
2017; Wilhelm et al., 2014). Furthermore, inconsistencies in mRNA expression was observed in
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some cases when compared with the literature (Liu et al., 2016). While knockdown was observed
in other studies no knockdown was observed in this study. This could be due to several reasons
including differences in many conditions like sub-optimal primers despite validation, different
tissues used (whole larvae vs. wing imaginal discs), and even different stages of Drosophila (larvae
vs. adult) used could affect mRNA expression levels. Overall, inconsistencies between phenotypes
observed in RNAi lines were not a major limitation as results observed in most cases were
consistent.
For two of the KDM genes, NO66 and JHDM2, experiments were only conducted using one
RNAi because knockdowns using other available stocks were incapable of eclosing sufficient
number of F1 males for courtship conditioning experiments. Therefore, it is difficult to make any
strong conclusions about the results from these two genes. Future studies should aim to validate
phenotypes by using a second RNAi line.
Another limitation in this study is the variability observed in the data set. The randomization
test used to calculate the MI between controls and knockdowns has been shown to be effective in
detecting memory loss (Kamyshev et al., 1999), the power of this statistical analysis decreases
with increased variability in CI as well as low numbers of flies.
Finally, while gross morphology was analyzed for defects in MB structure. We cannot say for
sure that knockdown of KDMs did not affect MB neuronal circuitry since the analysis is relatively
crude. In particular, fine details that can affect memory cannot be seen despite overall normal
structure.

4.5 Future Research
Although the Drosophila nervous system is less complex than the mammalian nervous system,
the molecular mechanisms behind memory formation is highly conserved between species (Frank
and Greenberg, 1994). While the specific mechanisms in which KDMs operate to regulate memory
in the MB remains unknown, future studies can help identify specific transcription targets as a
result of KDM knockdowns. Transcriptome studies like RNAseq can help identify genes that are
upregulated or downregulated following knockdown using a protocol we have already established
in the lab to isolate MB nuclei (Jones et al., 2018). The viability of KDM null mutants suggest that
these genes play more of a “fine tuning” role in biological processes rather than controlling
essential gene expression machinery since many of the genes are non-lethal (Shalaby et al., 2017).
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With that in mind, future research can also validate the results from this study through the usage
of available mutants on viable lines or MB-specific CRISPR knockout to validate the phenotypes
observed in the knockdown experiments. If the memory phenotypes observed in these knockout
experiments are consistent with the memory defects observed using RNAi knockdown then it is
likely that the results we found in this study are accurate and not due to any off-target effects.

4.6 Conclusions
In summary, this study provides an initial screen of KDMs and their role in Drosophila shortand long-term courtship memory. While there is still much to be discovered about the role of
KDMs in the nervous system this research provides a foundation for future investigation. Loss of
memory was observed in 6 out of 7 KDMs tested. KDMs are broadly required in MB neurons for
short- and long-term memory formation. These genes likely affect memory through regulation of
MB neuron function rather than play a role in the development of MB structure. Finally, KDMs
may be required for fine tuning behavioural processes including memory formation. As a result,
these findings provide a foundation for understanding KDM mutations in cognitive function,
specifically ID, and may lead to mechanistic studies to understand how KDMs regulate memory.
While the role for demethylation in memory formation is not as well established as that of
methylation, the importance of the regulatory complexity of erasing chromatin marks in neurons
should not be overlooked (Collins et al., 2019).

55

56

5 REFERENCE
Agger, K., Cloos, P. A. C., Christensen, J., Pasini, D., Rose, S., Rappsilber, J., Issaeva, I.,
Canaani, E., Salcini, A. E., & Helin, K. (2007). UTX and JMJD3 are histone H3K27
demethylases involved in HOX gene regulation and development. Nature.
Akalal, D. G., Wilson, C. F., Zong, L., Tanaka, N. K., Ito, K., & Davis, R. L. (2006). Roles for
Drosophila mushroom body neurons in olfactory learning and memory. 659–668.
https://www.researchgate.net/publication/283015677_A_Review_on_Supercapacitors
Alberini, C. M. (2009). Transcription factors in long-term memory and synaptic plasticity. In
Physiological Reviews.
Androschuk, A., Al-Jabri, B., & Bolduc, F. V. (2015). From learning to memory: What flies can
tell us about intellectual disability treatment. In Frontiers in Psychiatry.
Aso, Y., Grübel, K., Busch, S., Friedrich, A. B., Siwanowicz, I., & Tanimoto, H. (2009). The
mushroom body of adult Drosophila characterized by GAL4 drivers. Journal of
Neurogenetics, 23(1–2), 156–172.
Barski, A., Cuddapah, S., Cui, K., Roh, T. Y., Schones, D. E., Wang, Z., Wei, G., Chepelev, I.,
& Zhao, K. (2007). High-Resolution Profiling of Histone Methylations in the Human
Genome. Cell.
Benzer, S. (1967). BEHAVIORAL MUTANTS OF Drosophila ISOLATED BY
COUNTERCURRENT DISTRIBUTION. Proceedings of the National Academy of
Sciences.
Bernstein, B. E., Mikkelsen, T. S., Xie, X., Kamal, M., Huebert, D. J., Cuff, J., Fry, B., Meissner,
A., Wernig, M., Plath, K., Jaenisch, R., Wagschal, A., Feil, R., Schreiber, S. L., & Lander,
E. S. (2006). A Bivalent Chromatin Structure Marks Key Developmental Genes in
Embryonic Stem Cells. Cell.
Billeter, J. C., & Levine, J. D. (2015). The role of cVA and the Odorant binding protein Lush in
social and sexual behavior in Drosophila melanogaster. Frontiers in Ecology and Evolution.
Black, J. C., Van Rechem, C., & Whetstine, J. R. (2012). Histone Lysine Methylation Dynamics:
Establishment, Regulation, and Biological Impact. In Molecular Cell.
Black, J. C., & Whetstine, J. R. (2013). Tipping the lysine methylation balance in disease. In
Biopolymers.
Blum, A. L., Li, W., Cressy, M., & Dubnau, J. (2009). Short- and Long-Term Memory in
Drosophila Require cAMP Signaling in Distinct Neuron Types. Current Biology.
Bögershausen, N., & Wollnik, B. (2013). Unmasking Kabuki syndrome. In Clinical Genetics.
Borrelli, E., Nestler, E. J., Allis, C. D., & Sassone-Corsi, P. (2008). Decoding the Epigenetic
Language of Neuronal Plasticity. In Neuron.
Bourtchouladze, R., Abel, T., Berman, N., Gordon, R., Lapidus, K., & Kandel, E. R. (1998).
Different training procedures recruit either one or two critical periods for contextual
memory consolidation, each of which requires protein synthesis and PKA. Learning and
Memory.
Bourtchuladze, R., Frenguelli, B., Blendy, J., Cioffi, D., Schutz, G., & Silva, A. J. (1994).
Deficient long-term memory in mice with a targeted mutation of the cAMP-responsive
element-binding protein. Cell.
Brand, A. H., & Perrimon, N. (1993). Targeted gene expression as a means of altering cell fates
and generating dominant phenotypes. Development (Cambridge, England), 118(2), 401–
415. http://www.ncbi.nlm.nih.gov/pubmed/8223268
56

57
Brunelli, M., Castellucci, V., & Kandel, E. R. (1976). Synaptic facilitation and behavioral
sensitization in Aplysia: Possible role of serotonin and cyclic AMP. Science.
Carrozza, M. J., Li, B., Florens, L., Suganuma, T., Swanson, S. K., Lee, K. K., Shia, W. J.,
Anderson, S., Yates, J., Washburn, M. P., & Workman, J. L. (2005). Histone H3
methylation by Set2 directs deacetylation of coding regions by Rpd3S to suppress spurious
intragenic transcription. Cell.
Chen, Y., Yang, Y., Wang, F., Wan, K., Yamane, K., Zhang, Y., & Lei, M. (2006). Crystal
structure of human histone lysine-specific demethlase 1 (LSD1). Proceedings of the
National Academy of Sciences of the United States of America.
Cheng, X. (2014). Structural and functional coordination of dna and histone methylation. Cold
Spring Harbor Perspectives in Biology.
Chong, J. X., Yu, J. H., Lorentzen, P., Park, K. M., Jamal, S. M., Tabor, H. K., Rauch, A., Saenz,
M. S., Boltshauser, E., Patterson, K. E., Nickerson, D. A., & Bamshad, M. J. (2016). Gene
discovery for Mendelian conditions via social networking: De novo variants in KDM1A
cause developmental delay and distinctive facial features. Genetics in Medicine.
Christopher, M. A., Myrick, D. A., Barwick, B. G., Engstrom, A. K., Porter-Stransky, K. A.,
Boss, J. M., Weinshenker, D., Levey, A. I., & Katz, D. J. (2017). LSD1 protects against
hippocampal and cortical neurodegeneration. Nature Communications.
Chubak, M. C., Stone, M. H., Raun, N., Rice, S. L., Sarikahya, M., Jones, S. G., Lyons, T. A.,
Jakub, T. E., Mainland, R. L., Knip, M. J., Edwards, T. N., & Kramer, J. (2018). Systematic
functional characterization of the intellectual disability-associated SWI/SNF complex
reveals distinct roles for the BAP and PBAP complexes in post-mitotic memory forming
neurons of the Drosophila mushroom body. BioRxiv.
Cloos, P. A. C., Christensen, J., Agger, K., & Helin, K. (2008). Erasing the methyl mark: Histone
demethylases at the center of cellular differentiation and disease. Genes and Development,
22(9), 1115–1140.
Colinet, H., & Renault, D. (2012). Metabolic effects of CO2 anaesthesia in Drosophila
melanogaster. Biology Letters.
Collins, B. E., Greer, C. B., Coleman, B. C., & Sweatt, J. D. (2019). Histone H3 lysine K4
methylation and its role in learning and memory. Epigenetics & Chromatin.
Connolly, J. B., Roberts, I. J. H., Armstrong, J. D., Kaiser, K., Forte, M., Tully, T., & O’Kane, C.
J. (1996). Associative learning disrupted by impaired Gs signaling in Drosophila mushroom
bodies. Science.
Creyghton, M. P., Cheng, A. W., Welstead, G. G., Kooistra, T., Carey, B. W., Steine, E. J.,
Hanna, J., Lodato, M. A., Frampton, G. M., Sharp, P. A., Boyer, L. A., Young, R. A., &
Jaenisch, R. (2010). Histone H3K27ac separates active from poised enhancers and predicts
developmental state. Proceedings of the National Academy of Sciences of the United States
of America.
Crittenden, J. R., Skoulakis, E. M. C., Han, K. A., Kalderon, D., & Davis, R. L. (1998).
Tripartite mushroom body architecture revealed by antigenic markers. Learning and
Memory.
Cutter, A. R., & Hayes, J. J. (2015). A brief review of nucleosome structure. In FEBS Letters.
De Belle, J. S., & Heisenberg, M. (1994). Associative odor learning in Drosophila abolished by
chemical ablation of mushroom bodies. Science.
Dietzl, G., Chen, D., Schnorrer, F., Su, K. C., Barinova, Y., Fellner, M., Gasser, B., Kinsey, K.,
Oppel, S., Scheiblauer, S., Couto, A., Marra, V., Keleman, K., & Dickson, B. J. (2007). A
57

58
genome-wide transgenic RNAi library for conditional gene inactivation in Drosophila.
Nature.
Dudai, Y., Jan, Y. N., Byers, D., Quinn, W. G., & Benzer, S. (1976). Dunce, a mutant of
Drosophila deficient in learning. Proceedings of the National Academy of Sciences of the
United States of America.
Faundes, V., Newman, W. G., Bernardini, L., Canham, N., Clayton-Smith, J., Dallapiccola, B.,
Davies, S. J., Demos, M. K., Goldman, A., Gill, H., Horton, R., Kerr, B., Kumar, D.,
Lehman, A., McKee, S., Morton, J., Parker, M. J., Rankin, J., Robertson, L., … Banka, S.
(2018). Histone Lysine Methylases and Demethylases in the Landscape of Human
Developmental Disorders. American Journal of Human Genetics, 102(1), 175–187.
Flood, J. F., Bennett, E. L., Orme, A. E., & Rosenzweig, M. R. (1975). Effects of protein
synthesis inhibition on memory for active avoidance training. Physiology and Behavior.
Fortelny, N., Overall, C. M., Pavlidis, P., & Freue, G. V. C. (2017). Can we predict protein from
mRNA levels? In Nature.
Gervais, L., van den Beek, M., Josserand, M., Sallé, J., Stefanutti, M., Perdigoto, C. N., Skorski,
P., Mazouni, K., Marshall, O. J., Brand, A. H., Schweisguth, F., & Bardin, A. J. (2019).
Stem Cell Proliferation Is Kept in Check by the Chromatin Regulators
Kismet/CHD7/CHD8 and Trr/MLL3/4. Developmental Cell.
Gilissen, C., Hehir-Kwa, J. Y., Thung, D. T., Van De Vorst, M., Van Bon, B. W. M., Willemsen,
M. H., Kwint, M., Janssen, I. M., Hoischen, A., Schenck, A., Leach, R., Klein, R., Tearle,
R., Bo, T., Pfundt, R., Yntema, H. G., De Vries, B. B. A., Kleefstra, T., Brunner, H. G., …
Veltman, J. A. (2014). Genome sequencing identifies major causes of severe intellectual
disability. Nature.
Green, E. W., Fedele, G., Giorgini, F., & Kyriacou, C. P. (2014). A Drosophila RNAi collection
is subject to dominant phenotypic effects. In Nature Methods.
Greer, E. L., & Shi, Y. (2012). Histone methylation: A dynamic mark in health, disease and
inheritance. In Nature Reviews Genetics.
Gupta, S., Kim, S. Y., Artis, S., Molfese, D. L., Schumacher, A., Sweatt, J. D., Paylor, R. E., &
Lubin, F. D. (2010). Histone Methylation Regulates Memory Formation. Journal of
Neuroscience, 30(10), 3589–3599.
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.3732-09.2010
Han, P. L., Levin, L. R., Reed, R. R., & Davis, R. L. (1992). Preferential expression of the
drosophila rutabaga gene in mushroom bodies, neural centers for learning in insects.
Neuron.
Hathaway, N. A., Bell, O., Hodges, C., Miller, E. L., Neel, D. S., & Crabtree, G. R. (2012).
Dynamics and memory of heterochromatin in living cells. Cell.
He, H. H., Meyer, C. A., Shin, H., Bailey, S. T., Wei, G., Wang, Q., Zhang, Y., Xu, K., Ni, M.,
Lupien, M., Mieczkowski, P., Lieb, J. D., Zhao, K., Brown, M., & Liu, X. S. (2010).
Nucleosome dynamics define transcriptional enhancers. Nature Genetics.
Heisenberg, M. (2003). Mushroom body memoir: From maps to models. Nature Reviews
Neuroscience.
Heisenberg, M., Borst, A., Wagner, S., & Byers, D. (1985). drosophila mushroom body mutants
are deficient in olfactory learning: Research papers. Journal of Neurogenetics.
Hergeth, S. P., & Schneider, R. (2015). The H1 linker histones: multifunctional proteins beyond
the nucleosomal core particle. EMBO Reports.
Herz, H. M., Morgan, M., Gao, X., Jackson, J., Rickels, R., Swanson, S. K., Florens, L.,
58

59
Washburn, M. P., Eissenberg, J. C., & Shilatifard, A. (2014). Histone H3 lysine-tomethionine mutants as a paradigm to study chromatin signaling. Science.
Hirano, Y., Ihara, K., Masuda, T., Yamamoto, T., Iwata, I., Takahashi, A., Awata, H., Nakamura,
N., Takakura, M., Suzuki, Y., Horiuchi, J., Okuno, H., & Saitoe, M. (2016). Shifting
transcriptional machinery is required for long-term memory maintenance and modification
in Drosophila mushroom bodies. Nature Communications, 7, 1–14.
http://dx.doi.org/10.1038/ncomms13471
Huang, C., Zheng, X., Zhao, H., Li, M., Wang, P., Xie, Z., Wang, L., & Zhong, Y. (2012). A
permissive role of mushroom body α/β core neurons in long-term memory consolidation in
Drosophila. Current Biology, 22(21), 1981–1989.
http://dx.doi.org/10.1016/j.cub.2012.08.048
Hunter, R. G., McCarthy, K. J., Milne, T. A., Pfaff, D. W., & McEwen, B. S. (2009). Regulation
of hippocampal H3 histone methylation by acute and chronic stress. Proceedings of the
National Academy of Sciences of the United States of America.
Hyun, K., Jeon, J., Park, K., & Kim, J. (2017). Writing, erasing and reading histone lysine
methylations. In Experimental and Molecular Medicine.
Igaz, L. M., Vianna, M. R. M., Medina, J. H., & Izquierdo, I. (2002). Two time periods of
hippocampal mRNA synthesis are required for memory consolidation of fear-motivated
learning. Journal of Neuroscience.
Ishimoto, H., Sakai, T., & Kitamoto, T. (2009). Ecdysone signaling regulates the formation of
long-term courtship memory in adult Drosophila melanogaster. Proceedings of the National
Academy of Sciences.
Iwase, S., Brookes, E., Agarwal, S., Badeaux, A. I., Ito, H., Vallianatos, C. N., Tomassy, G. S.,
Kasza, T., Lin, G., Thompson, A., Gu, L., Kwan, K. Y., Chen, C., Sartor, M. A., Egan, B.,
Xu, J., & Shi, Y. (2016). A Mouse Model of X-linked Intellectual Disability Associated
with Impaired Removal of Histone Methylation. Cell Reports.
Jafari, S., Alenius, M., & Medicine, E. (2020). A critical period terminates the differentiation of
olfactory sensory neurons. BioRxiv.
Jakovcevski, M., Ruan, H., Shen, E. Y., Dincer, A., Javidfar, B., Ma, Q., Peter, C. J., Cheung, I.,
Mitchell, A. C., Jiang, Y., Lin, C. L., Pothula, V., Francis Stewart, A., Ernst, P., Yao, W.
D., & Akbarian, S. (2015). Neuronal Kmt2a/Mll1 histone methyltransferase is essential for
prefrontal synaptic plasticity and working memory. Journal of Neuroscience, 35(13), 5097–
5108.
Jenett, A., Rubin, G. M., Ngo, T. T. B., Shepherd, D., Murphy, C., Dionne, H., Pfeiffer, B. D.,
Cavallaro, A., Hall, D., Jeter, J., Iyer, N., Fetter, D., Hausenfluck, J. H., Peng, H., Trautman,
E. T., Svirskas, R. R., Myers, E. W., Iwinski, Z. R., Aso, Y., … Zugates, C. T. (2012). A
GAL4-Driver Line Resource for Drosophila Neurobiology. Cell Reports, 2(4), 991–1001.
Jensen, L. R., Amende, M., Gurok, U., Moser, B., Gimmel, V., Tzschach, A., Janecke, A. R.,
Tariverdian, G., Chelly, J., Fryns, J. P., Van Esch, H., Kleefstra, T., Hamel, B., Moraine, C.,
Gécz, J., Turner, G., Reinhardt, R., Kalscheuer, V. M., Ropers, H. H., & Lenzner, S. (2005).
Mutations in the JARID1C gene, which is involved in transcriptional regulation and
chromatin remodeling, cause X-linked mental retardation. American Journal of Human
Genetics.
Johansson, C., Tumber, A., Che, K. H., Cain, P., Nowak, R., Gileadi, C., & Oppermann, U.
(2014). The roles of Jumonji-type oxygenases in human disease. In Epigenomics.
Johard, H. A. D., Enell, L. E., Gustafsson, E., Trifilieff, P., Veenstra, J. A., & Nässel, D. R.
59

60
(2008). Intrinsic neurons of Drosophila mushroom bodies express short neuropeptide F:
Relations to extrinsic neurons expressing different neurotransmitters. Journal of
Comparative Neurology.
Jones, S. G., Nixon, K. C. J., Chubak, M. C., & Kramer, J. M. (2018). Mushroom body specific
transcriptome analysis reveals dynamic regulation of learning and memory genes after
acquisition of long-term courtship memory in Drosophila. G3: Genes, Genomes, Genetics.
Joshi, A. A., & Struhl, K. (2005). Eaf3 chromodomain interaction with methylated H3-K36 links
histone deacetylation to pol II elongation. Molecular Cell.
Kamyshev, N. G., Iliadi, K. G., & Bragina, J. V. (1999). Drosophila conditioned courtship: Two
ways of testing memory. Learning and Memory.
Katoh, M., & Katoh, M. (2004). Identification and characterization of JMJD2 family genes in
silico. International Journal of Oncology.
Katz, M. J., Acevedo, J. M., Loenarz, C., Galagovsky, D., Liu-Yi, P., Pérez-Pepe, M.,
Thalhammer, A., Sekirnik, R., Gec, W., Melani, M., Thomas, M. G., Simonetta, S.,
Boccaccio, G. L., Schofield, C. J., Cockman, M. E., Ratcliffe, P. J., & Wappner, P. (2014).
Sudestada1, a Drosophila ribosomal prolyl-hydroxylase required for mRNA translation, cell
homeostasis, and organ growth. Proceedings of the National Academy of Sciences of the
United States of America.
Kavi, H., & Birchler, J. (2009). Drosophila KDM2 is a H3K4me3 demethylase regulating
nucleolar organization. BMC Research Notes.
Keleman, K., Vrontou, E., Kruttner, S., Yu, J. Y., Kurtovic-Kozaric, A., & Dickson, B. J. (2012).
Dopamine neurons modulate pheromone responses in Drosophila courtship learning.
Nature.
Keogh, M. C., Kurdistani, S. K., Morris, S. A., Ahn, S. H., Podolny, V., Collins, S. R.,
Schuldiner, M., Chin, K., Punna, T., Thompson, N. J., Boone, C., Emili, A., Weissman, J.
S., Hughes, T. R., Strahl, B. D., Grunstein, M., Greenblatt, J. F., Buratowski, S., & Krogan,
N. J. (2005). Cotranscriptional set2 methylation of histone H3 lysine 36 recruits a repressive
Rpd3 complex. Cell.
Kerimoglu, C., Agis-Balboa, R. C., Kranz, A., Stilling, R., Bahari-Javan, S., Benito-Garagorri,
E., Halder, R., Burkhardt, S., Stewart, A. F., & Fischer, A. (2013). Histonemethyltransferase mll2 (kmt2B) is required for memory formation in mice. Journal of
Neuroscience.
Kim, J.-H., Lee, J., Lee, I.-S., Lee, S., & Cho, K. (2017). Histone Lysine Methylation and
Neurodevelopmental Disorders. International Journal of Molecular Sciences, 18(7), 1404.
http://www.mdpi.com/1422-0067/18/7/1404
Kleefstra, T., Van Zelst-Stams, W. A., Nillesen, W. M., Cormier-Daire, V., Houge, G., Foulds,
N., Van Dooren, M., Willemsen, M. H., Pfundt, R., Turner, A., Wilson, M., McGaughran,
J., Rauch, A., Zenker, M., Adam, M. P., Innes, M., Davies, C., González-Meneses López,
A., Casalone, R., … Brunner, H. G. (2009). Further clinical and molecular delineation of
the 9q subtelomeric deletion syndrome supports a major contribution of EHMT1
haploinsufficiency to the core phenotype. Journal of Medical Genetics.
Klemm, S. L., Shipony, Z., & Greenleaf, W. J. (2019). Chromatin accessibility and the
regulatory epigenome. In Nature Reviews Genetics.
Klose, R. J., Kallin, E. M., & Zhang, Y. (2006). JmjC-domain-containing proteins and histone
demethylation. Nature Reviews Genetics.
Koemans, T. S., Kleefstra, T., Chubak, M. C., Stone, M. H., Reijnders, M. R. F., de Munnik, S.,
60

61
Willemsen, M. H., Fenckova, M., Stumpel, C. T. R. M., Bok, L. A., Sifuentes Saenz, M.,
Byerly, K. A., Baughn, L. B., Stegmann, A. P. A., Pfundt, R., Zhou, H., van Bokhoven, H.,
Schenck, A., & Kramer, J. M. (2017). Functional convergence of histone methyltransferases
EHMT1 and KMT2C involved in intellectual disability and autism spectrum disorder. PLoS
Genetics.
Koemans, T. S., Oppitz, C., Donders, R. A. T., van Bokhoven, H., Schenck, A., Keleman, K., &
Kramer, J. M. (2017). Drosophila Courtship Conditioning As a Measure of Learning and
Memory. Journal of Visualized Experiments, 124, 1–11.
https://www.jove.com/video/55808/drosophila-courtship-conditioning-as-a-measure-oflearning-and-memory
Kornberg, R. D. (1977). Structure of Chromatin. Annual Review of Biochemistry.
Kramer, J. M., Kochinke, K., Oortveld, M. A. W., Marks, H., Kramer, D., de Jong, E. K.,
Asztalos, Z., Westwood, J. T., Stunnenberg, H. G., Sokolowski, M. B., Keleman, K., Zhou,
H., van Bokhoven, H., & Schenck, A. (2011). Epigenetic regulation of learning and
memory by Drosophila EHMT/G9a. PLoS Biology.
Krashes, M. J., Keene, A. C., Leung, B., Armstrong, J. D., & Waddell, S. (2007). Sequential Use
of Mushroom Body Neuron Subsets during Drosophila Odor Memory Processing. Neuron.
Kurotaki, N., Imaizumi, K., Harada, N., Masuno, M., Kondoh, T., Nagai, T., Ohashi, H.,
Naritomi, K., Tsukahara, M., Makita, Y., Sugimoto, T., Sonoda, T., Hasegawa, T., Chinen,
Y., Tomita, H. aki, Kinoshita, A., Mizuguchi, T., Yoshiura, K. ichiro, Ohta, T., …
Matsumoto, N. (2002). Haploinsufficiency of NSD1 causes Sotos syndrome. Nature
Genetics.
Kurusu, M., Awasaki, T., Masuda-Nakagawa, L. M., Kawauchi, H., Ito, K., & FurukuboTokunaga, K. K. (2002). Embryonic and larval development of the Drosophila mushroom
bodies: Concentric layer subdivisions and the role of fasciclin II. In Development.
Lagarou, A., Mohd-Sarip, A., Moshkin, Y. M., Chalkley, G. E., Bezstarosti, K., Demmers, J. A.
A., & Verrijzer, C. P. (2008). dKDM2 couples histone H2A ubiquitylation to histone H3
demethylation during Polycomb group silencing. Genes and Development.
Lee, M. C., & Spradling, A. C. (2014). The progenitor state is maintained by lysine-specific
demethylase 1-mediated epigenetic plasticity during drosophila follicle cell development.
Genes and Development.
Lee, T., Lee, A., & Luo, L. (1999). Development of the Drosophila mushroom bodies: sequential
generation of three distinct types of neurons from a neuroblast. Development (Cambridge,
England).
Lenstra, T. L., Benschop, J. J., Kim, T. S., Schulze, J. M., Brabers, N. A. C. H., Margaritis, T.,
van de Pasch, L. A. L., van Heesch, S. A. A. C., Brok, M. O., Groot Koerkamp, M. J. A.,
Ko, C. W., van Leenen, D., Sameith, K., van Hooff, S. R., Lijnzaad, P., Kemmeren, P.,
Hentrich, T., Kobor, M. S., Buratowski, S., & Holstege, F. C. P. (2011). The Specificity and
Topology of Chromatin Interaction Pathways in Yeast. Molecular Cell.
Li, B., Gogol, M., Carey, M., Lee, D., Seidel, C., & Workman, J. L. (2007). Combined action of
PHD and chromo domains directs the Rpd3S HDAC to transcribed chromatin. Science.
Li, L., Greer, C., Eisenman, R. N., & Secombe, J. (2010). Essential functions of the histone
demethylase Lid. PLoS Genetics, 6(11).
Liu, M., Barnes, V. L., & Pile, L. A. (2016). Disruption of methionine metabolism in Drosophila
melanogaster impacts histone methylation and results in loss of viability. G3: Genes,
Genomes, Genetics.
61

62
Livingstone, M. S., Sziber, P. P., & Quinn, W. G. (1984). Loss of calcium/calmodulin
responsiveness in adenylate cyclase of rutabaga, a Drosophila learning mutant. Cell, 37(1),
205–215.
Lloret-llinares, M., Carré, C., Vaquero, A., de Olano, N., & Azorín, F. (2008). Characterization
of Drosophila melanogaster JmjC+N histone demethylases. Nucleic Acids Research, 36(9),
2852–2863.
Luger, K., Mäder, A. W., Richmond, R. K., Sargent, D. F., & Richmond, T. J. (1997). Crystal
structure of the nucleosome core particle at 2.8 Å resolution. Nature.
Mainland, R. L., Lyons, T. A., Ruth, M. M., & Kramer, J. M. (2017). Optimal RNA isolation
method and primer design to detect gene knockdown by qPCR when validating Drosophila
transgenic RNAi lines. BMC Research Notes.
Malik, B. R., & Hodge, J. J. L. (2014). Drosophila adult olfactory shock learning. Journal of
Visualized Experiments.
McBride, S. M. J., Giuliani, G., Choi, C., Krause, P., Correale, D., Watson, K., Baker, G., &
Siwicki, K. K. (1999). Mushroom Body Ablation Impairs Short-Term Memory and LongTerm Memory of Courtship Conditioning in Drosophila melanogaster. Neuron, 24(4), 967–
977. http://dx.doi.org/10.1016/S0896-6273(00)81043-0
Miller, T., Krogan, N. J., Dover, J., Erdjument-Bromage, H., Tempst, P., Johnston, M.,
Greenblatt, J. F., & Shilatifard, A. (2001). COMPASS: A complex of proteins associated
with a trithorax-related SET domain protein. Proceedings of the National Academy of
Sciences of the United States of America.
Mirabella, A. C., Foster, B. M., & Bartke, T. (2016). Chromatin deregulation in disease. In
Chromosoma.
Miyake, N., Mizuno, S., Okamoto, N., Ohashi, H., Shiina, M., Ogata, K., Tsurusaki, Y.,
Nakashima, M., Saitsu, H., Niikawa, N., & Matsumoto, N. (2013). KDM6A Point
Mutations Cause Kabuki Syndrome. Human Mutation.
Mohan, M., Herz, H.-M., Smith, E. R., Zhang, Y., Jackson, J., Washburn, M. P., Florens, L.,
Eissenberg, J. C., & Shilatifard, A. (2011). The COMPASS Family of H3K4 Methylases in
Drosophila. Molecular and Cellular Biology, 31(21), 4310–4318.
http://mcb.asm.org/cgi/doi/10.1128/MCB.06092-11
Montague, S. A., & Baker, B. S. (2016). Memory elicited by courtship conditioning requires
mushroom body neuronal subsets similar to those utilized in appetitive memory. PLoS
ONE.
Morgan, T. H. (1910). Sex limited inheritance in drosophila. Science.
Müller, U. (2000). Prolonged activation of cAMP-dependent protein kinase during conditioning
induces long-term memory in honeybees. Neuron.
Ni, J. Q., Markstein, M., Binari, R., Pfeiffer, B., Liu, L. P., Villalta, C., Booker, M., Perkins, L.,
& Perrimon, N. (2008). Vector and parameters for targeted transgenic RNA interference in
Drosophila melanogaster. Nature Methods.
Ni, J. Q., Zhou, R., Czech, B., Liu, L. P., Holderbaum, L., Yang-Zhou, D., Shim, H. S., Tao, R.,
Handler, D., Karpowicz, P., Binari, R., Booker, M., Brennecke, J., Perkins, L. A., Hannon,
G. J., & Perrimon, N. (2011). A genome-scale shRNA resource for transgenic RNAi in
Drosophila. Nature Methods.
Nislow, C., Ray, E., & Pillus, L. (1997). SET1, a yeast member of the Trithorax family,
functions in transcriptional silencing and diverse cellular processes. Molecular Biology of
the Cell.
62

63
Parkel, S., Lopez-Atalaya, J. P., & Barco, A. (2013). Histone H3 lysine methylation in cognition
and intellectual disability disorders. In Learning and Memory.
Pascual, A., & Préat, T. (2001). Localization of long-term memory within the Drosophila
mushroom body. Science.
Pengelly, A. R., Copur, Ö., Jäckle, H., Herzig, A., & Müller, J. (2013). A histone mutant
reproduces the phenotype caused by loss of histone-modifying factor polycomb. Science.
Perkins, L. A., Holderbaum, L., Tao, R., Hu, Y., Sopko, R., McCall, K., Yang-Zhou, D.,
Flockhart, I., Binari, R., Shim, H. S., Miller, A., Housden, A., Foos, M., Randkelv, S.,
Kelley, C., Namgyal, P., Villalta, C., Liu, L. P., Jiang, X., … Perrimon, N. (2015). The
transgenic RNAi project at Harvard medical school: Resources and validation. Genetics.
Peters, A. H. F. M., Mermoud, J. E., O’carroll, D., Pagani, M., Schweizer, D., Brockdorff, N., &
Jenuwein, T. (2002). Histone H3 lysine 9 methylation is an epigenetic imprint of facultative
heterochromatin. Nature Genetics.
Pilotto, S., Speranzini, V., Marabelli, C., Rusconi, F., Toffolo, E., Grillo, B., Battaglioli, E., &
Mattevi, A. (2016). LSD1/KDM1A mutations associated to a newly described form of
intellectual disability impair demethylase activity and binding to transcription factors.
Human Molecular Genetics, 25(12), ddw120.
Pinzón, J. H., Reed, A. R., Shalaby, N. A., Buszczak, M., Rodan, A. R., & Rothenfluh, A.
(2017). Alcohol-Induced Behaviors Require a Subset of Drosophila JmjC-Domain Histone
Demethylases in the Nervous System. Alcoholism: Clinical and Experimental Research.
Pitman, J. L., DasGupta, S., Krashes, M. J., Leung, B., Perrat, P. N., & Waddell, S. (2009). There
are many ways to train a fly. In Fly.
Pokholok, D. K., Harbison, C. T., Levine, S., Cole, M., Hannett, N. M., Tong, I. L., Bell, G. W.,
Walker, K., Rolfe, P. A., Herbolsheimer, E., Zeitlinger, J., Lewitter, F., Gifford, D. K., &
Young, R. A. (2005). Genome-wide map of nucleosome acetylation and methylation in
yeast. Cell.
Quinn, W. G., & Dudai, Y. (1976). Memory phases in Drosophila. Nature.
Rada-Iglesias, A. (2018). Is H3K4me1 at enhancers correlative or causative? In Nature Genetics.
Rauch, A., Wieczorek, D., Graf, E., Wieland, T., Endele, S., Schwarzmayr, T., Albrecht, B.,
Bartholdi, D., Beygo, J., Di Donato, N., Dufke, A., Cremer, K., Hempel, M., Horn, D.,
Hoyer, J., Joset, P., Röpke, A., Moog, U., Riess, A., … Strom, T. M. (2012). Range of
genetic mutations associated with severe non-syndromic sporadic intellectual disability: An
exome sequencing study. The Lancet.
Raun, N. (2019). The role of H3K4 methyltransferases in Drosophila memory. February.
Reiter, L. T., Potocki, L., Chien, S., Gribskov, M., & Bier, E. (2001). A systematic analysis of
human disease-associated gene sequences in Drosophila melanogaster. Genome Research.
Rudolph, T., Yonezawa, M., Lein, S., Heidrich, K., Kubicek, S., Schäfer, C., Phalke, S., Walther,
M., Schmidt, A., Jenuwein, T., & Reuter, G. (2007). Heterochromatin Formation in
Drosophila Is Initiated through Active Removal of H3K4 Methylation by the LSD1
Homolog SU(VAR)3-3. Molecular Cell, 26(1), 103–115.
Scandaglia, M., Lopez-Atalaya, J. P., Medrano-Fernandez, A., Lopez-Cascales, M. T., del
Blanco, B., Lipinski, M., Benito, E., Olivares, R., Iwase, S., Shi, Y., & Barco, A. (2017).
Loss of Kdm5c Causes Spurious Transcription and Prevents the Fine-Tuning of ActivityRegulated Enhancers in Neurons. Cell Reports.
Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch,
S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J. Y., White, D. J., Hartenstein, V.,
63

64
Eliceiri, K., Tomancak, P., & Cardona, A. (2012). Fiji: An open-source platform for
biological-image analysis. In Nature Methods.
Shalaby, N. A., Pinzon, J. H., Narayanan, A. S., Jin, E. J., Ritz, M. P., Dove, R. J., Wolfenberg,
H., Rodan, A. R., Buszczak, M., & Rothenfluh, A. (2018). JmjC domain proteins modulate
circadian behaviors and sleep in Drosophila. Scientific Reports.
Shalaby, N. A., Sayed, R., Zhang, Q., Scoggin, S., Eliazer, S., Rothenfluh, A., & Buszczak, M.
(2017). Systematic discovery of genetic modulation by Jumonji histone demethylases in
Drosophila. Scientific Reports.
Shi, Yang, & Whetstine, J. R. (2007). Dynamic Regulation of Histone Lysine Methylation by
Demethylases. In Molecular Cell.
Shi, Yujiang, Lan, F., Matson, C., Mulligan, P., Whetstine, J. R., Cole, P. A., Casero, R. A., &
Shi, Y. (2004). Histone demethylation mediated by the nuclear amine oxidase homolog
LSD1. Cell, 119(7), 941–953.
Shih, M. F. M., Davis, F. P., Henry, G. L., & Dubnau, J. (2019). Nuclear transcriptomes of the
seven neuronal cell types that constitute the drosophila mushroom bodies. G3: Genes,
Genomes, Genetics.
Shilatifard, A. (2012). The COMPASS Family of Histone H3K4 Methylases: Mechanisms of
Regulation in Development and Disease Pathogenesis. Annual Review of Biochemistry.
Siegel, R. W., & Hall, J. C. (1979). Conditioned responses in courtship behavior of normal and
mutant Drosophila. Proceedings of the National Academy of Sciences of the United States of
America.
Soares, L. M., He, P. C., Chun, Y., Suh, H., Kim, T. S., & Buratowski, S. (2017). Determinants
of Histone H3K4 Methylation Patterns. Molecular Cell.
Sokolowski Marla B. (2001). Drosophila: Genetics meets behaviour. Nature Reviews Genetics.
Squazzo, S. L., O’Geen, H., Komashko, V. M., Krig, S. R., Jin, V. X., Jang, S. W., Margueron,
R., Reinberg, D., Green, R., & Farnham, P. J. (2006). Suz12 binds to silenced regions of the
genome in a cell-type-specific manner. Genome Research.
Stefano, L. Di, Ji, J., Moon, N., Herr, A., & Dyson, N. (2008). Mutation of Drosophila Lsd1
disrupts H3K4 methylation resulting in tissue specfic defec. Analysis, 17(9), 808–812.
Swahari, V., & West, A. E. (2019). Histone demethylases in neuronal differentiation, plasticity,
and disease. In Current Opinion in Neurobiology.
Tachibana, M., Sugimoto, K., Nozaki, M., Ueda, J., Ohta, T., Ohki, M., Fukuda, M., Takeda, N.,
Niida, H., Kato, H., & Shinkai, Y. (2002). G9a histone methyltransferase plays a dominant
role in euchromatic histone H3 lysine 9 methylation and is essential for early
embryogenesis. Genes and Development.
Taverna, S. D., Li, H., Ruthenburg, A. J., Allis, C. D., & Patel, D. J. (2007). How chromatinbinding modules interpret histone modifications: Lessons from professional pocket pickers.
In Nature Structural and Molecular Biology.
Tie, F., Banerjee, R., Conrad, P. A., Scacheri, P. C., & Harte, P. J. (2012). Histone Demethylase
UTX and Chromatin Remodeler BRM Bind Directly to CBP and Modulate Acetylation of
Histone H3 Lysine 27. Molecular and Cellular Biology, 32(12), 2323–2334.
http://mcb.asm.org/cgi/doi/10.1128/MCB.06392-11
Tochio, N., Umehara, T., Koshiba, S., Inoue, M., Yabuki, T., Aoki, M., Seki, E., Watanabe, S.,
Tomo, Y., Hanada, M., Ikari, M., Sato, M., Terada, T., Nagase, T., Ohara, O., Shirouzu, M.,
Tanaka, A., Kigawa, T., & Yokoyama, S. (2006). Solution structure of the SWIRM domain
of human histone demethylase LSD1. Structure.
64

65
Trojer, P., Zhang, J., Yonezawa, M., Schmidt, A., Zheng, H., Jenuwein, T., & Reinberg, D.
(2009). Dynamic histone H1 isotype 4 methylation and demethylation by histone lysine
methyltransferase G9a/KMT1C and the jumonji domain-containing JMJD2/KDM4 proteins.
Journal of Biological Chemistry.
Truman, J. W., & Riddiford, L. M. (2002). Endocrine Insights into the Evolution of
Metamorphosis in Insects. Annual Review of Entomology.
Tsurumi, A., Dutta, P., Yan, S. J., Sheng, R., & Li, W. X. (2013). Drosophila Kdm4
demethylases in histone H3 lysine 9 demethylation and ecdysteroid signaling. Scientific
Reports, 3.
Tully, T., Preat, T., Boynton, S. C., & Del Vecchio, M. (1994). Genetic dissection of
consolidated memory in Drosophila. Cell.
Tully, Tim. (1996). Discovery of genes involved with learning and memory: An experimental
synthesis of Hirschian and Benzerian perspectives. Proceedings of the National Academy of
Sciences, 93(24), 13460 LP – 13467. http://www.pnas.org/content/93/24/13460.abstract
Tunovic, S., Barkovich, J., Sherr, E. H., & Slavotinek, A. M. (2014). De novo ANKRD11 and
KDM1A gene mutations in a male with features of KBG syndrome and Kabuki syndrome.
American Journal of Medical Genetics, Part A.
Vallianatos, C. N., Farrehi, C., Friez, M. J., Burmeister, M., Keegan, C. E., & Iwase, S. (2018).
Altered gene-regulatory function of KDM5C by a novel mutation associated with autism
and intellectual disability. Frontiers in Molecular Neuroscience.
Vallianatos, C. N., & Iwase, S. (2015). Disrupted intricacy of histone H3K4 methylation in
neurodevelopmental disorders. In Epigenomics.
Van Laarhoven, P. M., Neitzel, L. R., Quintana, A. M., Geiger, E. A., Zackai, E. H., Clouthier,
D. E., Artinger, K. B., Ming, J. E., & Shaikh, T. H. (2015). Kabuki syndrome genes
KMT2D and KDM6A: functional analyses demonstrate critical roles in craniofacial, heart
and brain development. Human Molecular Genetics.
Wang, J., Telese, F., Tan, Y., Li, W., Jin, C., He, X., Basnet, H., Ma, Q., Merkurjev, D., Zhu, X.,
Liu, Z., Zhang, J., Ohgi, K., Taylor, H., White, R. R., Tazearslan, C., Suh, Y., Macfarlan, T.
S., Pfaff, S. L., & Rosenfeld, M. G. (2015). LSD1n is an H4K20 demethylase regulating
memory formation via transcriptional elongation control. Nature Neuroscience, 18(9),
1256–1264.
Wang, Y., Mamiya, A., Chiang, A. S., & Zhong, Y. (2008). Imaging of an early memory trace in
the Drosophila mushroom body. Journal of Neuroscience.
Whetstine, J. R., Nottke, A., Lan, F., Huarte, M., Smolikov, S., Chen, Z., Spooner, E., Li, E.,
Zhang, G., Colaiacovo, M., & Shi, Y. (2006). Reversal of Histone Lysine Trimethylation by
the JMJD2 Family of Histone Demethylases. Cell.
Wijayatunge, R., Liu, F., Shpargel, K. B., Wayne, N. J., Chan, U., Boua, J. V., Magnuson, T., &
West, A. E. (2018). The histone demethylase Kdm6b regulates a mature gene expression
program in differentiating cerebellar granule neurons. In Molecular and Cellular
Neuroscience.
Wilhelm, M., Schlegl, J., Hahne, H., Gholami, A. M., Lieberenz, M., Savitski, M. M., Ziegler,
E., Butzmann, L., Gessulat, S., Marx, H., Mathieson, T., Lemeer, S., Schnatbaum, K.,
Reimer, U., Wenschuh, H., Mollenhauer, M., Slotta-Huspenina, J., Boese, J. H., Bantscheff,
M., … Kuster, B. (2014). Mass-spectrometry-based draft of the human proteome. Nature.
Wilson, C., & Krieg, A. J. (2019). KDM4B: A nail for every hammer? In Genes.
Yamane, K., Toumazou, C., Tsukada, Y. ichi, Erdjument-Bromage, H., Tempst, P., Wong, J., &
65

66
Zhang, Y. (2006). JHDM2A, a JmjC-Containing H3K9 Demethylase, Facilitates
Transcription Activation by Androgen Receptor. Cell.
Zamurrad, S., Hatch, H. A. M., Drelon, C., Belalcazar, H. M., & Secombe, J. (2018). A
Drosophila Model of Intellectual Disability Caused by Mutations in the Histone
Demethylase KDM5. Cell Reports.
Zars, T., Fischer, M., Schulz, R., & Heisenberg, M. (2000). Localization of a short-term memory
in Drosophila. Science.
Zhao, X., Lenek, D., Dag, U., Dickson, B. J., & Keleman, K. (2018). Persistent activity in a
recurrent circuit underlies courtship memory in Drosophila. ELife.
Zheng, Y., Hsu, F. N., Xu, W., Xie, X. J., Ren, X., Gao, X., Ni, J. Q., & Ji, J. Y. (2014). A
developmental genetic analysis of the lysine demethylase KDM2 mutations in Drosophila
melanogaster. Mechanisms of Development.

66

67

6 APPENDICES
Appendix A: List of all fly stocks used in this project
All Drosophila stocks were obtained from either Bloomington Drosophila Stock Center (BDSC) or Vienna Drosophila Resource
Center (VDRC)
Control and Genetic Toolkit
Stock Name
Stock No. Source
mCherry
35785
BDSC

Genotype
y1 sc* v1 sev21; P{y+t7.7 v+t1.8=VALIUM20mCherry}attP2

attP2

36303

BDSC

y1 v1; P{y+t7.7=CaryP}attP2

attP40

36304

BDSC

y1 v1; P{y+t7.7=CaryP}attP40

GD
KK
Act5C-GAL4

60000
60100
25374

VDRC
VDRC
BDSC

w1118
y1 w1118; P{attP, y+ w3’}
y1 w*; P{Act5C-GAL4-w}E1/CyO

R14H06-GAL4

48667

BDSC

w1118; P{y+t7.7 w+mC=GMR14H06-GAL4}attP2

UAS-Dicer2
UASmCD8::GFP

24650
5137

BDSC
BDSC

w1118; P{w+mC=UAS-Dcr-2.D}2
y1 w*; P{w+mC=UAS-mCD8::GFP.L}LL5,
P{UAS-mCD8::GFP.L}2

Inducible RNAi Stocks
Gene Name
Stock No.
Su(var)3-3
32852

Source
BDSC

Su(var)3-3

BDSC

Genotype
y1 sc* v1 sev21;
P{y+t7.7v+t1.8=TRiP.HMS00637}attP2
y1 sc* v1 sev21;
P{y+t7.7v+t1.8=TRiP.GL01006}attP40

36867
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Description
Short hpRNA targeting mCherry. TRiP
library genetic background for attP2
landing site, controls for sc*
Background control for VALIUM 1 and
10 TRiP RNAi collection
Background control for attP40 site TRiP
RNAi collection
GD library genetic background control
KK library genetic background control
Expresses GAL4 ubiquitously under the
control of Act5C (FBgn0000042)
promoter
Expresses GAL4 under the control of a
rutabaga (FBgn0003301) enhancer
Expresses Dicer-2 under UAS control
Expresses GFP under UAS control. Used
to build fly lines that co-express Dicer-2
and R14H06-GAL4
Control
mCherry
mCherry

Description
UAS-RNAi against Su(var)33
UAS-RNAi against Su(var)33

68
Su(var)3-3

106147

VDRC

w1118;P{KK102965}VIE-260B

KK

Lid

28944

BDSC

y1 v1; P{y+t7.7 v+t1.8=TRiP.HM05155}attP2

attP2

Lid

103830

VDRC

P{KK102745}VIE-260B

KK

Lid

42203

VDRC

w1118; P{GD14113}v42203

GD

Lid

42204

VDRC

w1118; P{GD14113}v42204

GD

Kdm2

31360

BDSC

y1 v1; P{y+t7.7 v+t1.8=TRiP.JF01320}attP2

attP2

Kdm2

33699

BDSC

attP2

Kdm2

31402

VDRC

y1 sc* v1 sev21; P{y+t7.7v+t1.8
=TRiP.HMS00574}attP2
w1118; P{GD7173}v31402

NO66 (CG2982) 33596

BDSC

mCherry

NO66 (CG2982) 107819

VDRC

y1 sc* v1 sev21;
P{y+t7.7v+t1.8=TRiP.HMS00680}attP2
P{KK107376}VIE-260B

KDM4A

34629

BDSC

mCherry

KDM4B

35676

BDSC

mCherry

UAS-RNAi against KDM4B

KDM4B

57721

BDSC

mCherry

UAS-RNAi against KDM4B

JHDM2
JHDM2

58264
32975

BDSC
BDSC

attP40
mCherry

UAS-RNAi against JHDM2
UAS-RNAi against JHDM2

UTX

34076

BDSC

mCherry

UAS-RNAi against UTX

UTX

37663

VDRC

y1 sc* v1 sev21;
P{y+t7.7v+t1.8=TRiP.HMS01304}attP2
y1 sc* v1 sev21;
P{y+t7.7v+t1.8=TRiP.GLV21041}attP2
y1 sc* v1 sev21;
P{y+t7.7v+t1.8=TRiP.HMC04910}attP40
y1 v1; P{y+t7.7 v+t1.8=TRiP.HMJ22328}attP40
y1 sc* v1 sev21;
P{y+t7.7v+t1.8=TRiP.HMS00775}attP2
y1 sc* v1 sev21;
P{y+t7.7v+t1.8=TRiP.HMS00575}attP2
w1118; P{GD4409}v37663/TM3

Long hpRNA UAS-RNAi
against Su(var)3-3
Long hpRNA UAS-RNAi
against lid
Long hpRNA UAS-RNAi
against lid
Long hpRNA UAS-RNAi
against lid
Long hpRNA UAS-RNAi
against lid
Long hpRNA UAS-RNAi
against Kdm2
Short hpRNA UAS – RNAi
against Kdm2
Long hpRNA UAS-RNAi
against Kdm2
UAS-RNAi against NO66
(CG2982)
Long hpRNA UAS-RNAi
against NO66 (CG2982)
UAS-RNAi against KDM4A

GD

Long hpRNA UAS-RNAi
against UTX

68

GD

KK

69
UTX

37664

VDRC

w1118P{GD4409}v37664

GD

UTX

105986

VDRC

P{KK101947}VIE-260B

KK

Jarid2

32891

BDSC

mCherry

Jarid2

26184

BDSC

y1 sc* v1 sev21;
P{y+t7.7v+t1.8=TRiP.HMS00679}attP2
y1 v1; P{y+t7.7 v+t1.8=TRiP.JF02081}attP2

trr

29563

BDSC

y1 v1; P{y+t7.7 v+t1.8=TRiP.JF03242}attP2

attP2

trr

36916

BDSC

mCherry

trr

110276

VDRC

y1 sc* v1 sev21;
P{y+t7.7v+t1.8=TRiP.HMS01019}attP2
P{KK100280}VIE-260B

69

attP2

KK

Long hpRNA UAS-RNAi
against UTX
Long hpRNA UAS-RNAi
against UTX
UAS-RNAi against Jarid2
Long hpRNA UAS-RNAi
against Jarid2
Long hpRNA UAS-RNAi
against trr
UAS-RNAi against trr
Long hpRNA UAS-RNAi
against trr
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Appendix B: qPCR results for lines used in this study
As part of validating the RNAi lines used in this study, RT-qPCR was performed on the
following loss-of-function experiments to determine if mRNA expression is reduced following
knockdown. For each biological replicate, 10 whole third instar larvae were collected from each
cross. For each experiment 3 biological replicates were collected. The primers used were ordered
commercially and validated for efficiency using a cDNA dilution series (efficiency = 10 (-1/slope)).
The reaction was carried out in a Bio-Rad CFX384 Real-Time System under the following
cycling conditions: 2 min at 95°C, then 40 cycles at 95°C for 5s and 65°C for 30s. For each
biological replicate, three RT-qPCR technical replicates were conducted. The relative expression
was then normalized to two reference genes, eIF2Bγ and βCOP. The results of this experiment
found several lines had overexpression or no reduction of mRNA levels compared to the UASmCherry-RNAi control. While this can be an indication that the RNAi lines used in this study
have potential off-target effects it doesn’t mean the lines do not work. mRNA levels do not
always equate to protein levels. A common method of detecting protein levels is a Western
blotting, however this method is not effective for tissue-specific RNAi knockdown. In this case,
immunohistochemistry would be the ideal form to determine if the knockdown was successful. It
is peculiar to see that following knockdown of several of the KDMs we see overexpression
(Appendix B: C,D,E,F,I,K,L). This could be due to a technical problem in the experiment like
the presence of primer dimers, or potential overcompensation of the gene following knockdown
or stalling of RNA. It should be noted that courtship and qPCR experiments were done
simultaneously due to time constraint.
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